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A method for use in locating a mobile transmitter in an emergency 
situation comprises the steps of (a) upon determining that the emergency 
situation exists, monitoring a bandwidth of a reverse voice channel (RVC) 
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LOCATION METHOD FOR A WIRELESS LOCATION SYSTEM 

CROSS REFERENCE TO RELATED APPLICATIONS 

5 This is a continuation of U.S. Patent Application Serial No. (attorney docket ACOM- 

0091), filed on January 8, 1999, entitled "Calibration for Wireless Location System." 

FIELD OF THE INVENTION 

The present invention relates generally to methods and apparatus for locating wireless 
10 transmitters, such as those used in analog or digital cellular systems, personnel 

communications systems (PCS), enhanced specialized mobile radios (ESMRs), and other 
types of wireless communications systems. This field is now generally known as wireless 
location, and has application for Wireless E9-1-1, fleet management, RF optimization, and 
other valuable applications. 

15 

BACKGROUND OF THE INVENTION 

Early work relating to the present invention has been described in U.S. Patent Number 
5,327,144, July 5, 1994, "Cellular Telephone Location System," which discloses a system 
for locating cellular telephones using novel time difference of arrival (TDOA) techniques. 

20 Further enhancements of the system disclosed in the ' 1 44 patent are disclosed in U.S. 
Patent Number 5,608,410, March 4, 1997, "System for Locating a Source of Bursty 
Transmissions." Both patents are owned by the assignee of the current invention, and both 
are incorporated herein by reference. The present inventors have continued to develop 
significant enhancements to the original inventive concepts and have developed 

25 techniques to further improve the accuracy of Wireless Location Systems while 
significantly reducing the cost of these systems. 

Over the past few years, the cellular industry has increased the number of air interface 
protocols available for use by wireless telephones, increased the number of frequency 
30 bands in which wireless or mobile telephones may operate, and expanded the number of 
terms that refer or relate to mobile telephones to include "personal communications 
services", "wireless", and others. The air interface protocols now include AMPS, N- 
1 
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AMPS, TDMA, CDMA, G5M.TACS, ESMR, and others. The changes in terminology and 
increases in the number of air interfaces do not change the basic principles and inventions 
discovered and enhanced by the inventors. However, in keeping with the current 
terminology of the industry, the inventors now call the system described herein a Wireless 
5 Location System. 

The inventors have conducted extensive experiments with the Wireless Location System 
technology disclosed herein to demonstrate both the viability and value of the technology. 
For example, several experiments were conducted during several months of 1995 and 
10 1996 in the cities of Philadelphia and Baltimore to verify the system's ability to mitigate 
multipath in large urban environments. Then, in 1996 the inventors constructed a system 
in Houston that was used to test the technology's effectiveness in that area and its ability 
to interface directly with E9-1-1 systems. Then, in 1997, the system was tested in a 350 
square mile area in New Jersey and was used to locate real 9-1-1 calls from real people in 
15 trouble. Since that time, the system test has been expanded to include 125 cell sites 

covering an area of over 2,000 square miles. During all of these tests, techniques discussed 
and disclosed herein were tested for effectiveness and further developed, and the system 
has been demonstrated to overcome the limitations of other approaches that have been 
proposed for locating wireless telephones. Indeed, as of December, 1998, no other 
20 wireless location system has been installed anywhere else in the world that is capable of 
locating live 9-1-1 callers. The innovation of the Wireless Location System disclosed 
herein has been acknowledged in the wireless industry by the extensive amount of media 
coverage given to the system's capabilities, as well as by awards. For example, the 
prestigious Wireless Appy Award was granted to the system by the Cellular Telephone 
25 Industry Association in October, 1 997, and the Christopher Columbus Fellowship 

Foundation and Discover Magazine found the Wireless Location System to be one of the 
top 4 innovations of 1998 out of 4,000 nominations submitted. 

The value and importance of the Wireless Location System has been acknowledged by the 
30 wireless communications industry. In June 1 996, the Federal Communications 

Commission issued requirements for the wireless communications industry to deploy 
location systems for use in locating wireless 9-1-1 callers, with a deadline of October 
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2001. The location of wireless E9-1-1 callers will save response time, save lives, and save 
enormous costs because of reduced use of emergency responses resources. In addition, 
numerous surveys and studies have concluded that various wireless applications, such as 
location sensitive billing, fleet management, and others, will have great commercial values 
5 in the coming years. 

Background on Wireless Communications Systems 

There are many different types of air interface protocols used for wireless communications 
systems. These protocols are used in different frequency bands, both in the U.S. and 
10 internationally. The frequency band does not impact the Wireless Location System's 
effectiveness at locating wireless telephones. 

All air interface protocols use two types of "channels". The first type includes control 
channels that are used for conveying information about the wireless telephone or 
15 transmitter, for initiating or terminating calls, or for transferring bursty data. For example, 
some types of short messaging services transfer data over the control channel. In different 
air interfaces, control channels are known by different terminology, but the use of the 
control channels in each air interface is similar. Control channels generally have 
identifying information about the wireless telephone or transmitter contained in the 
20 transmission. 

The second type includes voice channels that are typically used for conveying voice 
communications over the air interface. These channels are only used after a call has been 
set up using the control channels. Voice channels will typically use dedicated resources 

25 within the wireless communications system whereas control channels will use shared 
resources. This distinction will generally make the use of control channels for wireless 
location purposes more cost effective than the use of voice channels, although there are 
some applications for which regular location on the voice channel is desired. Voice 
channels generally do not have identifying information about the wireless telephone or 

30 transmitter in the transmission. Some of the differences in the air interface protocols are 
discussed below: 

3 
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AMPS - This is the original air interface protocol used for cellular communications in the 
U.S. In the AMPS system, separate dedicated channels are assigned for use by control 
channels (RCC). According to the TIA/EIA Standard IS-553A, every control channel 
block must begin at cellular channel 333 or 334, but the block may be of variable length. 
5 In the U.S., by convention, the AMPS control channel block is 21 channels wide, but the 
use of a 26-channel block is also known. A reverse voice channel (RVC) may occupy any 
channel that is not assigned to a control channel. The control channel modulation is FSK 
(frequency shift keying), while the voice channels are modulated using FM (frequency 
modulation). 

10 

N-AMPS - This air interface is an expansion of the AMPS air interface protocol, and is 
defined in E1A/TIA standard IS-88. The control channels are substantially the same as for 
AMPS, however, the voice channels are different. The voice channels occupy less than 10 
KHz of bandwidth, versus the 30 KHz used for AMPS, and the modulation is FM. 

15 

TDMA - This interface is also known D-AMPS, and is defined in EIA/TIA standard IS- 
136. This air interface is characterized by the use of both frequency and time separation. 
Control channels are known as Digital Control Channels (DCCH) and are transmitted in 
bursts in timeslots assigned for use by DCCH. Unlike AMPS, DCCH may be assigned 

20 anywhere in the frequency band, although there are generally some frequency assignments 
that are more attractive than others based upon the use of probability blocks. Voice 
channels are known as Digital Traffic Channels (DTC). DCCH and DTC may occupy the 
same frequency assignments, but not the same timeslot assignment in a given frequency 
assignment. DCCH and DTC use the same modulation scheme, known as 7i/4 DQPSK 

25 (differential quadrature phase shift keying). In the cellular band, a carrier may use both the 
AMPS and TDMA protocols, as long as the frequency assignments for each protocol are 
kept separated. 

CDMA - This air interface is defined by EIA/TIA standard IS-95A. This air interface is 
30 characterized by the use of both frequency and code separation. However, because 

adjacent cell sites may use the same frequency sets, CDMA is also characterized by very 
careful power control. This careful power control leads to a situation known to those 
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skilled in the art as the near-far problem, which makes wireless location difficult for most 
approaches to function properly. Control channels are known as Access Channels, and 
voice channels are known as Traffic Channels. Access and Traffic Channels may share the 
same frequency band, but are separated by code. Access and Traffic Channels use the 
5 same modulation scheme, known as OQPSK. 

GSM - This air interface is defined by the international standard Global System for Mobile 
Communications. Like TDMA, GSM is characterized by the use of both frequency and 
time separation. The channel bandwidth is 200 KHz, which is wider than the 30 KHz used 
) for TDMA. Control channels are known as Standalone Dedicated Control Channels 

(SDCCH), and are transmitted in bursts in timeslots assigned for use by SDCCH. SDCCH 
may be assigned anywhere in the frequency band. Voice channels are known as Traffic 
Channels (TCH). SDCCH and TCH may occupy the same frequency assignments, but not 
the same timeslot assignment in a given frequency assignment. SDCCH and TCH use the 
same modulation scheme, known as GMSK. 

Within this specification the reference to any one of the air interfaces shall automatically 
refer to all of the air interfaces, unless specified otherwise. Additionally, a reference to 
control channels or voice channels shall refer to all types of control or voice channels, 
whatever the preferred terminology for a particular air interface. Finally, there are many 
more types of air interfaces used throughout the world, and there is no intent to exclude 
any air interface from the inventive concepts described within this specification. Indeed, 
those skilled in the art will recognize other interfaces used elsewhere are derivatives of or 
similar in class to those described above. 

The preferred embodiments of the inventions disclosed herein have many advantages over 
other techniques for locating wireless telephones. For example, some of these other 
techniques involve adding GPS functionality to telephones, which requires that significant 
changes be made to the telephones. The preferred embodiments disclosed herein do not 
require any changes to wireless telephones, and so they can be used in connection with the 
current installed base of over 65 million wireless telephones in the U.S. and 250 million 
wireless telephones worldwide. 
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SUMMARY OF THE INVENTION 

In view, of the difficulties presented by the limited bandwidth of the FM voice and 
supervisory audio tone (SAT) reverse voice channel signals, a primary object of the 
5 present invention is to provide an improved method by which reverse voice channel 

(RVC) signals may be utilized to locate a mobile transmitter, particularly in an emergency 
situation. Another object of the invention is to provide a location method that allows the 
location system to avoid making location estimates using RVC signals in situations in 
which it is likely that the measurement will not meet prescribed accuracy and reliability 
10 requirements. This saves system resources and improves the location system's overall 
efficiency. 

The improved method is based upon two techniques. The first technique includes 
monitoring the instantaneous bandwidth of the transmission in the voice channel to 
determine when the bandwidth is at a level that enables the wireless location system to 
make a high quality estimate of location. The second technique includes forcing the 
mobile unit to temporarily increase its bandwidth through a manual or automatic action. 

According to the present invention, a method for use in locating a mobile transmitter in an 
emergency situation comprises the steps of (a) upon determining that the emergency 
situation exists, monitoring the bandwidth of a reverse voice channel (RVC) signal 
transmitted by the mobile transmitter; (b) determining whether the bandwidth exceeds a 
predetermined threshold; (c) if the bandwidth exceeds the predetermined threshold, 
measuring the location of the mobile transmitter, and (d) if the bandwidth does not exceed 
the predetermined threshold, performing a predetermined action to increase the bandwidth 
and subsequently measuring the location of the mobile transmitter. In a presently preferred 
embodiment of the invention, one predetermined action comprises requesting the user to 
take an action to cause the mobile transmitter to transmit an RVC signal comprising a 
prescribed number of digits. For example, the predetermined action may comprise asking 
the user to dial a 9-digit number. In one exemplary implementation, the predetermined 
action comprises asking an emergency dispatcher to instruct the user to dial the 9-digit 
number. 
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Moreover, in a presently preferred embodiment, the predetermined threshold is within the 
range of approximately +/-8 to +/-12 KHz, and preferably is approximately +/-10 KHz. In 
another preferred embodiment of the invention, the wireless location system instructs the 
5 wireless switch (MSO) to send an audit command to the mobile telephone. The mobile 
transmitter will respond to the audit command with an audit response message. 

Other details of the invention are described below. 

1 0 BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 and 1 A schematically depict a Wireless Location System in accordance with the 
present invention. 

Figure 2 schematically depicts a Signal Collection System (SCS) 10 in accordance with 
15 the present invention. 

Figure 2A schematically depicts a receiver module 10-2 employed by the Signal 
Collection System. 

20 Figures 2B and 2C schematically depict alternative ways of coupling the receiver 
module(s) 10-2 to the antennas 10-1. 

Figure 2C-1 is a flowchart of a process employed by the Wireless Location System when 
using narrowband receiver modules. 

25 

Figure 2D schematically depicts a DSP module 10-3 employed in the Signal Collection 
System in accordance with the present invention. 

Figure 2E is a flowchart of the operation of the DSP module(s) 10-3, and Figure 2E-1 is a 
30 flowchart of the process employed by the DSP modules for detecting active channels. 



7 
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Figure 2F schematically depicts a Control and Communications Module 10-5 in 
accordance with the present invention. 

Figures 2G-2J depict aspects of the presently preferred SCS calibration methods. Figure 
5 2G is a schematic illustration of baselines and error values used to explain an external 
calibration method in accordance with the present invention. Figure 2H is a flowchart of 
an internal calibration method. Figure 21 is an exemplary transfer function of an AMPS 
control channel and Figure 2 J depicts an exemplary comb signal. 

l o Figures 2K and 2L are flowcharts of two methods for monitoring performance of a 
Wireless Location System in accordance with the present invention. 

Figure 3 schematically depicts a TDOA Location Processor 12 in accordance with the 
present invention. 

15 

Figure 3A depicts the structure of an exemplary network map maintained by the TLP 
controllers in accordance with the present invention. 

Figures 4 and 4A schematically depict different aspects of an Applications Processor 14 in 
20 accordance with the present invention. 

Figure 5 is a flowchart of a central station-based location processing method in accordance 
with the present invention. 

25 Figure 6 is a flowchart of a station-based location processing method in accordance with 
the present invention. 

Figure 7 is a flowchart of a method for determining, for each transmission for which a 
location is desired, whether to employ central or station-based processing. 

30 

Figure 8 is a flowchart of a dynamic process used to select cooperating antennas and 
SCS's 10 used in location processing. 
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Figure 9 is diagram that is referred to below in explaining a method for selecting a 
candidate list of SCS's and antennas using a predetermined set of criteria. 

5 Figures 1 OA and 1 OB are flowcharts of alternative methods for increasing the bandwidth 
of a transmitted signal to improve location accuracy. 

Figures 1 1A-1 1C are signal flow diagrams and Figure 1 ID is a flowchart, and they are 
used to explain an inventive method for combining multiple statistically independent 
location estimates to provide an estimate with improved accuracy. 

Figures 12A and 12B are a block diagram and a graph, respectively, for explaining a 
bandwidth synthesis method. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The Wireless Location System (Wireless Location System) operates as a passive overlay 
to a wireless communications system, such as a cellular, PCS, or ESMR system, although 
the concepts are not limited to just those types of communications systems. Wireless 
communications systems are generally not suitable for locating wireless devices because 
the designs of the wireless transmitters and cell sites do not include the necessary 
functionality to achieve accurate location. Accurate location in this application is defined 
as accuracy of 100 to 400 feet RMS (root mean square). This is distinguished from the 
location accuracy that can be achieved by existing cell sites, which is generally limited to 
the radius of the cell site. In general, cell sites are not designed or programmed to 
cooperate between and among themselves to determine wireless transmitter location. 
Additionally, wireless transmitters such as cellular and PCS telephones are designed to be 
low cost and therefore generally do not have locating capability built-in. The Wireless 
Location System is designed to be a low cost addition to a wireless communications 
system that involves minimal changes to cell sites and no changes at all to standard 
wireless transmitters. The Wireless Location System is passive because the it does not 
contain transmitters, and therefore cannot cause interference of any kind to the wireless 
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communications system. The Wireless Location System uses only its own specialized 
receivers at cell sites or other receiving locations. 

Overview of Wireless Location System (Wireless Location System) 
As shown in Figure 1, the Wireless Location System has four major kinds of subsystems: 
the Signal Collection Systems (SCS's) 10, the TDOA Location Processors (TLP's) 12, the 
Application Processors (AP's) 14, and the Network Operations Console (NOC) 16. Each 
SCS is responsible for receiving the RF signals transmitted by the wireless transmitters on 
both control channels and voice channels. In general, each SCS is preferably installed at a 
wireless carrier's cell site, and therefore operates in parallel to a base station. Each TLP 12 
is responsible for managing a network of SCS's 10 and for providing a centralized pool of 
digital signal processing (DSP) resources that can be used in the location calculations. The 
SCS's 10 and the TLP's 12 operate together to determine the location of the wireless 
transmitters, as will be discussed more fully below. Digital signal processing is the 
preferable manner in which to process radio signals because DSP's are relatively low cost, 
provide consistent performance, and are easily re-programmable to handle many different 
tasks. Both the SCS's 10 and TLP's 12 contain a significant amount of DSP resources, and 
the software in these systems can operate dynamically to determine where to perform a 
particular processing function based upon tradeoffs in processing time, communications 
time, queuing time, and cost. Each TLP 12 exists centrally primarily to reduce the overall 
cost of implementing the Wireless Location System, although the techniques discussed 
herein are not limited to the preferred architecture shown. That is, DSP resources can be 
relocated within the Wireless Location System without changing the basic concepts and 
functionality disclosed. 

The AP's 14 are responsible for managing all of the resources in the Wireless Location 
System, including all of the SCS's 10 and TLP's 12. Each AP 14 also contains a 
specialized database that contains "triggers" for the Wireless Location System. In order to 
conserve resources, the Wireless Location System can be programmed to locate only 
certain pre-determined types of transmissions. When a transmission of a pre-determiried 
type occurs, then the Wireless Location System is triggered to begin location processing. 
Otherwise, the Wireless Location System may be programmed to ignore the transmission. 
10 
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Each AP 14 also contains applications interfaces that permit a variety of applications to 
securely access the Wireless Location System. These applications may, for example, 
access location records in real time or non-real time, create or delete certain type of 
triggers, or cause the Wireless Location System to take other actions. Each AP 14 is also 
5 capable of certain post-processing functions that allow the AP 14 to combine a number of 
location records to generate extended reports or analyses useful for applications such as 
traffic monitoring or RF optimization. 

The NOC 1 6 is a network management system that provides operators of the Wireless 
1 0 Location System easy access to the programming parameters of the Wireless Location 
System. For example, in some cities, the Wireless Location System may contain many 
hundreds or even thousands of SCS's 10. The NOC is the most effective way to manage a 
large Wireless Location System, using graphical user interface capabilities. The NOC will 
also receive real time alerts if certain functions within the Wireless Location System are 
15 not operating properly. These real time alerts can be used by the operator to take 

corrective action quickly and prevent a degradation of location service. Experience with 
trials of the Wireless Location System show that the ability of the system to maintain good 
location accuracy over time is directly related to the operator's ability to keep the system 
operating within its predetermined parameters. 

20 

Readers of U.S. Patents 5,327,144 and 5,608,410 and this specification will note 
similarities between the respective systems. Indeed, the system disclosed herein is 
significantly based upon and also significantly enhanced from the system described in 
those previous patents. For example, the SCS 10 has been expanded and enhanced from 

25 the Antenna Site System described in 5,608,410. The SCS 10 now has the capability to 
support many more antennas at a single cell site, and further can support the use of 
extended antennas as described below. This enables the SCS 1 0 to operate with the 
sectored cell sites now commonly used. The SCS 10 can also transfer data from multiple 
antennas at a cell site to the TLP 12 instead of always combining data from multiple 

30 antennas before transfer. Additionally, the SCS 10 can support multiple air interface 
protocols thereby allowing the SCS 10 to function even as a wireless carrier continually 
changes the configuration of its system. 

11 
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The TLP 12 is similar to the Central Site System disclosed in 5,608,41 0, but has also been 
expanded and enhanced. For example, the TLP 12 has been made scaleable so that the 
amount of DSP resources required by each TLP 12 can be appropriately scaled to match 
the number of locations per second required by customers of the Wireless Location 
System. In order to support scaling for different Wireless Location System capacities, a 
networking scheme has been added to the TLP 12 so that multiple TLP's 12 can cooperate 
to share RF data across wireless communication system network boundaries. Additionally, 
the TLP 12 has been given control means to determine the SCS's 10, and more 
importantly the antennas at each of the SCS's 10, from which the TLP 12 is to receive data 
in order to process a specific location. Previously, the Antenna Site Systems automatically 
forwarded data to the Central Site System, whether requested or not by the Central Site 
System. Furthermore, the SCS 10 and TLP 12 combined have been designed with 
additional means for removing multipath from the received transmissions. 

The Database Subsystem of the Central Site System has been expanded and developed 
into the AP 14. The AP 14 can support a greater variety of applications than previously 
disclosed in 5,608,410, including the ability to post-process large volumes of location 
records from multiple wireless transmitters. This post-processed data can yield, for 
example, very effective maps for use by wireless carriers to improve and optimize the RF 
design of the communications systems. This can be achieved, for example, by plotting the 
locations of all of the callers in an area and the received signal strengths at a number of 
cell sites. The carrier can then determine whether each cell site is, in fact, serving the exact 
coverage area desired by the carrier. The AP 14 can also now store location records 
anonymously, that is, with the MIN and/or other identity information removed from the 
location record, so that the location record can be used for RF optimization or traffic 
monitoring without causing concerns about an individual user's privacy. 

As shown in Figure 1 A, a presently preferred implementation of the Wireless Location 
System includes a plurality of SCS regions each of which comprises multiple SCS's 10. 
For example, "SCS Region 1" includes SCS's 10A and 10B (and preferably others, not 
shown) that are located at respective cell sites and share antennas with the base stations at 
12 
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those cell sites. Drop and insert units 11A and 11B are used to interface fractional Tl/El 
lines to full Tl/El lines, which in turn are coupled to a digital access and control system 
(DACS) 13A. The DACS 13A and another DACS 13B are used in the manner described 
more fully below for communications between the SCS's 10A 10B, etc., and multiple 
5 TLPs 12A, 12B, etc. As shown, the TLP's are typically collocated and interconnected via 
an Ethernet network (backbone) and a second, redundant Ethernet network. Also coupled 
to the Ethernet networks are multiple AP's 14A and 14B, multiple NOC's 16A and 16B, 
and a terminal server 15. Routers 19A and 19B are used to couple one Wireless Location 
System to one or more other Wireless Location System(s). 

10 

Signal Collection System 10 

Generally, cell sites will have one of the following antenna configurations: (i) an 
omnidirectional site with 1 or 2 receive antennas or (ii) a sectored site with 1, 2, or 3 
sectors, and with 1 or 2 receive antennas used in each sector. As the number of cell sites 
15 has increased in the U.S. and internationally, sectored cell sites have become the 

predominant configuration. However, there are also a growing number of micro-cells and 
pico-cells, which can be omnidirectional. Therefore, the SCS 10 has been designed to be 
configurable for any of these typical cell sites and has been provided with mechanisms to 
employ any number of antennas at a cell site. 

20 

The basic architectural elements of the SCS 10 remain the same as for the Antenna Site 
System described in 5,608,410, but several enhancements have been made to increase the 
flexibility of the SCS 10 and to reduce the commercial deployment cost of the system. The 
most presently preferred embodiment of the SCS 10 is described herein. The SCS 10, an 

25 overview of which is shown in Figure 2, includes digital receiver modules 1 0-2 A through 
10-2C; DSP modules 10-3 A through 10-3C; a serial bus 10-4, a control and 
communications module 10-5; a GPS module 10-6; and a clock distribution module 10-7. 
The SCS 10 has the following external connections: power, fractional Tl/El 
communications, RF connections to antennas, and a GPS antenna connection for the 

30 timing generation (or clock distribution) module 1 0-7. The architecture and packaging of 
the SCS 10 permit it to be physically collocated with cell sites (which is the most common 
installation place), located at other types of towers (such as FM, AM, two-way emergency 
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communications, television, etc.), or located at other building structures (such as rooftops, 
silos, etc.). 

Timing Generation 

The Wireless Location System depends upon the accurate determination of time at all 
SCS's 10 contained within a network. Several different timing generation systems have 
been described in previous disclosures, however the most presently preferred embodiment 
is based upon an enhanced GPS receiver 10-6. The enhanced GPS receiver differs from 
most traditional GPS receivers in that the receiver contains algorithms that remove some 
of the timing instability of the GPS signals, and guarantees that any two SCS's 10 
contained within a network can receive timing pulses that are within approximately ten 
nanoseconds of each other. These enhanced GPS receivers are now commercially 
available, and further reduce some of the time reference related errors that were observed 
in previous implementations of wireless location systems. While this enhanced GPS 
receiver can produce a very accurate time reference, the output of the receiver may still 
• have an unacceptable phase noise. Therefore, the output of the receiver is input to a low 
phase noise, crystal oscillator-driven phase locked loop circuit that can now produce 10 
MHz and one pulse per second (PPS) reference signals with less than 0.01 degrees RMS 
of phase noise, and with the pulse output at any SCS 10 in a Wireless Location System 
network within ten nanoseconds of any other pulse at another SCS 10. This combination 
of enhanced GPS receiver, crystal oscillator, and phase locked loop is now the most 
preferred method to produce stable time and frequency reference signals with low phase 
noise. 

The SCS 10 has been designed to support multiple frequency bands and multiple carriers 
with equipment located at the same cell site. This can take place by using multiple 
receivers internal to a single SCS chassis, or by using multiple chassis each with separate 
receiver^. In the event that multiple SCS chassis are placed at the same cell site, the SCS's 
10 can share a single timing generation/clock distribution circuit 10-7 and thereby reduce 
overall system cost. The 10 MHz and one PPS output signals from the timing generation 
circuit are amplified and buffered internal to the SCS 10, and then made available via 
external connectors. Therefore a second SCS can receive its timing from a first SCS using 
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the buffered output and the external connectors. These signals can also be made available 
to base station equipment collocated at the cell site. This might be useful to the base 
station, for example, in improving the frequency re-use pattern of a wireless 
communications system. 

Receiver Module 10-2 (Wideband Embodiment) 

When a wireless transmitter makes a transmission, the Wireless Location System must 
receive the transmission at multiple SCS's 10 located at multiple geographically dispersed 
cell sites. Therefore, each SCS 10 has the ability to receive a transmission on any RF 
channel on which the transmission may originate. Additionally, since the SCS 10 is 
capable of supporting multiple air interface protocols, the SCS 10 also supports multiple 
types of RF channels. This is in contrast to most current base station receivers, which 
typically receive only one type of channel and are usually capable of receiving only on 
select RF channels at each cell site. For example, a typical TDMA base station receiver 
will only support 30 KHz wide channels, and each receiver is programmed to receive 
signals on only a single channel whose frequency does not change often (i.e. there is a 
relatively fixed frequency plan). Therefore, very few TDMA base station receivers would 
receive a transmission on any given frequency. As another example, even though some 
GSM base station receivers are capable of frequency hopping, the receivers at multiple 
base stations are generally not capable of simultaneously tuning to a single frequency for 
the purpose of performing location processing. In fact, the receivers at GSM base stations 
are programmed to frequency hop to avoid using an RF channel that is being used by 
another transmitter so as to minimize interference. 

The SCS receiver module 10-2 is preferably a dual wideband digital receiver that can 
receive the entire frequency band and all of the RF channels of an air interface. For 
cellular systems in the U.S., this receiver module is either 15 MHz wide or 25 MHz wide 
so that all of the channels of a single carrier or all of the channels of both carriers can be 
received. This receiver module has many of the characteristics of the receiver previously 
described in Patent Number 5,608,410, and Figure 2A is a block diagram of the currently 
preferred embodiment. Each receiver module contains an RF tuner section 10-2-1, a data 
interface and control section 10-2-2 and an analog to digital conversion section 10-2-3. 
15 
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■ The RF tuner section 10-2-1 includes two full independent digital receivers (including 
Tuner #1 and Tuner #2) that convert the analog RF input from an external connector into a 
digitized data stream. Unlike most base station receivers, the SCS receiver module does 
not perform diversity combining or switching. Rather, the digitized signal from each 
5 independent receiver is made available to the location processing. The present inventors 
have determined that there is an advantage to the location processing, and especially the 
multipath mitigation processing, to independently process the signals from each antenna 
rather than perform combining on the receiver module. 

) The receiver module 1 0-2 performs, or is coupled to elements that perform, the following 
functions: automatic gain control (to support both nearby strong signals and far away weak 
signals), bandpass filtering to remove potentially interfering signals from outside of the RF 
band of interest, synthesis of frequencies needed for mixing with the RF signals to create 
an IF signal that can be sampled, mixing, and analog to digital conversion (ADC) for 
sampling the RF signals and outputting a digitized data stream having an appropriate 
bandwidth and bit resolution. The frequency synthesizer locks the synthesized frequencies 
to the 10 MHz reference signal from the clock distribution/timing generation module 10-7 
(Figure 2). All of the circuits used in the receiver module maintain the low phase noise 
characteristics of the timing reference signal. The receiver module preferably has a 
spurious free dynamic range of at least 80 dB. 

The receiver module 1 0-2 also contains circuits to generate test frequencies and calibration 
signals, as well as test ports where measurements can be made by technicians during 
installation or troubleshooting. Various calibration processes are described in further detail 
below. The internally generated test frequencies and test ports provide an easy method for 
engineers and technicians to rapidly test the receiver module and diagnose any suspected 
problems. This is also especially useful during the manufacturing process. 

One of the advantages of the Wireless Location System described herein is that no new 
antennas are required at cell sites. The Wireless Location System can use the existing 
antennas already installed at most cell sites, including both omni-directional and sectored 
antennas. This feature can result in significant savings in the installation and maintenance 
16 
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the 



costs of the Wireless Location System versus other approaches that have been described ir 
the prior art. The SCS's digital receivers 10-2 can be connected to the existing antennas in 
two ways, as shown in Figures 2B and 2C, respectively. In Figure 2B, the SCS receivers 
10-2 are connected to the existing cell site multi-coupler or RF splitter. In this manner, the 
5 SCS 10 uses the cell site's existing low noise pre-amplifier, band pass filter, and multi- 
coupler or RF splitter. This type of connection usually limits the SCS 10 to supporting - 
frequency band of a single carrier. For example, an A-side cellular carrier will typically 
use the band pass filter to block signals from customers of the B-side carrier, and vice 
versa. 

In Figure 2C, the existing RF path at the cell site has been interrupted, and a new pre- 
amplifier, band pass filter, and RF splitter has been added as part of the Wireless Location 
System. The new band pass filter will pass multiple contiguous frequency bands, such as 
both the A-side and B-side cellular carriers, thereby allowing the Wireless Location 
System to locate wireless transmitters using both cellular systems but using the antennas 
from a single cell site. In this configuration, the Wireless Location System uses matched 
RF components at each cell site, so that the phase versus frequency responses are 
identical. This is in contrast to existing RF components, which may be from different 
manufacturers or using different model numbers at various cell sites. Matching the 
response characteristics of RF components reduces a possible source of error for the 
location processing, although the Wireless Location System has the capability to 
compensate for these sources of error. Finally, the new pre-amplifier installed with the 
Wireless Location System will have a very low noise figure to improve the sensitivity of 
the SCS 10 at a cell site. The overall noise figure of the SCS digital receivers 10-2 is 
dominated by the noise figure of the low noise amplifiers. Because the Wireless Location 
System canuse weak signals in location processing, whereas the base station typically 
cannot process weak signals, the Wireless Location System can significantly benefit from 
a high quality, very low noise amplifier. 

In order to improve the ability of the Wireless Location System to accurately determine 
TDOA for a wireless transmission, the phase versus frequency response of the cell site's 
RF components are determined at the time of installation and updated at other certain 
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times and then stored in a table in the Wireless Location System. This can be important 
because, for example, the band pass filters and/or multi-couplers made by some 
manufacturers have a steep and non-linear phase versus frequency response near the edge 
of the pass band. If the edge of the pass band is very near to or coincident with the reverse 

5 control or voice channels, then the Wireless Location System would make incorrect 
measurements of the transmitted signal's phase characteristics if the Wireless Location 
System did not correct the measurements using the stored characteristics. This becomes 
even more important if a carrier has installed multi-couplers and/or band pass filters from 
more than one manufacturer, because the characteristics at each site may be different. In 

i addition to measuring the phase versus frequency response, other environmental factors 
may cause changes to the RF path prior to the ADC. These factors require occasional and 
sometimes periodic calibration in the SCS 10. 

Alternative Narrowband Embodiment of Receiver Module 10-2 
In addition or as an alternative to the wideband receiver module, the SCS 10 also supports 
a narrowband embodiment of the receiver module 10-2. In contrast to the wideband 
receiver module that can simultaneously receive all of the RF channels in use by a wireless 
communications system, the narrowband receiver can only receive one or a few RF 
channels at a time. For example, the SCS 10 supports a 60 KHz narrowband receiver for 
use in AMPS/TDMA systems, covering two contiguous 30 KHz channels. This receiver is 
still a digital receiver as described for the wideband module, however the frequency 
synthesizing and mixing circuits are used to dynamically tune the receiver module to 
various RF channels on command. This dynamic tuning can typically occur in one 
millisecond or less, and the receiver can dwell on a specific RF channel for as long as 
required to receive and digitize RF data for location processing. 

The purpose of the narrowband receiver is to reduce the implementation cost of a Wireless 
Location System from the cost that is incurred with wideband receivers. Of course, there is 
some loss of performance, but the availability of these multiple receivers permits wireless 
carriers to have more cost/performance options. Additional inventive functions and 
enhancements have been added to the Wireless Location System to support this new type 
of narrowband receiver. When the wideband receiver is being used, all RF channels are 
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received continuously at all SCS's 10, and subsequent to the transmission, the Wireless 
Location System can use the DSP's 10-3 (Figure 2) to dynamically select any RF channel 
from the digital memory. With the narrowband receiver, the Wireless Location System 
must ensure a priori that the narrowband receivers at multiple cell sites are simultaneously 
5 tuned to the same RF channel so that all receivers can simultaneously receive, digitize and 
store the same wireless transmission. For this reason, the narrowband receiver is generally 
used only for locating voice channel transmissions, which can be known a priori to be 
making a transmission. Since control channel transmissions can occur asynchronously at 
any time, the narrowband receiver may not be tuned to the correct channel to receive the 
10 transmission. 

When the narrowband receivers are used for locating AMPS voice channel transmissions, 
the Wireless Location System has the ability to temporarily change the modulation 
characteristics of the AMPS wireless transmitter to aid location processing. This may be 
15 necessary because AMPS voice channels are only FM modulated with the addition of a 
low level supervisory tone known as SAT. As is known in the art, the Cramer-Rao lower 
bound of AMPS FM modulation is significantly worse than the Manchester encoded FSK 
modulation used for AMPS reverse channels and "blank and burst" transmissions on the 
voice channel. Further, AMPS wireless transmitters may be transmitting with significantly 
20 reduced energy if there is no modulating input signal (i.e., no one is speaking). To improve 
the location estimate by improving the modulation characteristics without depending on 
the existence or amplitude of an input modulating signal, the Wireless Location System 
can cause an AMPS wireless transmitter to transmit a "blank and burst" message at a point 
in time when the narrowband receivers at multiple SCS's 10 are tuned to the RF channel 
25 on which the message will be sent. This is further described later. 

The Wireless Location System performs the following steps when using the narrowband 
receiver module (see the flowchart of Figure 2C-1): 

a first wireless transmitter is a priori engaged in transmitting on a particular RF 
30 channel; 
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the Wireless Location System triggers to make a location estimate of the first wireless 
transmitter (the trigger may occur either internally or externally via a 
command/response interface); 

the Wireless Location System determines the cell site, sector, RF channel, timeslot, 
long code mask, and encryption key (all information elements may not be 
necessary for all air interface protocols) currently in use by the first wireless 

the Wireless Location System tunes an appropriate first narrowband receiver at an 
appropriate first SCS 10 to the RF channel and timeslot at the designated cell site 
and sector, where appropriate typically means both available and collocated or in 
closest proximity; 

the first SCS 10 receives a time segment of RF data, typically ranging from a few 
microseconds to tens of milliseconds, from the first narrowband receiver and 
evaluates the transmission's power, SNR, and modulation characteristics; 

if the transmission's power or SNR is below a predetermined threshold, the Wireless 
Location System waits a predetermined length of time and then returns to the 
above third step (where the Wireless Location System determines the cell site, 
sector, etc.); 

if the transmission is an AMPS voice channel transmission and the modulation is 
below a threshold, then the Wireless Location System commands the wireless 
communications system to send a command to the first wireless transmitter to 
cause a "blank and burst" on the first wireless transmitter, 

the Wireless Location System requests the wireless communications system to prevent 
hand-off of the wireless transmitter to another RF channel for a predetermined 
length of time; 

the Wireless Location System receives a response from the wireless communications 
system indicating the time period during which the first wireless transmitter will be 
prevented from handing-off, and if commanded, the time period during which the 
wireless communications system will send a command to the first wireless 
transmitter to cause a "blank and burst"; 

the Wireless Location System determines the list of antennas that will be used in 
location processing (the antenna selection process is described below); 
20 
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the Wireless Location System determines the earliest Wireless Location System 
timestamp at which the narrowband receivers connected to the selected antennas 
are available to begin simultaneously collecting RF data from the RF channel 
currently in use by the first wireless transmitter; 
5 based upon the earliest Wireless Location System timestamp and the time periods in 
the response from the wireless communications system, the Wireless Location 
System commands the narrowband receivers connected to the antennas that will be 
used in location processing to tune to the cell site, sector, and RF channel currently 
in use by the first wireless transmitter and to receive RF data for a predetermined 
1 0 dwell time (based upon the bandwidth of the signal, SNR, and integration 

requirements); 

the RF data received by the narrowband receivers are written into the dual port 
memory; 

location processing on the received RF data commences, as described in Patent Nos. 
15 5,327,144 and 5,608,410 and in sections below; 

the Wireless Location System again determines the cell site, sector, RF channel, 
timeslot, long code mask, and encryption key currently in use by the first wireless 
transmitter; 

if the cell site, sector, RF channel, timeslot, long code mask, and encryption key 
20 currently in use by the first wireless transmitter has changed between queries (i.e. 

before and after gathering the RF data) the Wireless Location System ceases 
location processing, causes an alert message that location processing failed because 
the wireless transmitter changed transmission status during the period of time in 
which RF data was being received, and re-triggers this entire process; 
25 location processing on the received RF data completes in accordance with the steps 
described below. 

The determination of the information elements including cell site, sector, RF channel, 
timeslot, long code mask, and encryption key (all information elements may not be 
30 necessary for all air interface protocols) is typically obtained by the Wireless Location 
System through a command / response interface between the Wireless Location System 
and the wireless communications system. 

21 
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The use of the narrowband receiver in the manner described above is known as random 
tuning because the receivers can be directed to any RF channel on command from the 
system. One advantage to random tuning is that locations are processed only for those 
5 wireless transmitters for which the Wireless Location System is triggered. One 
disadvantage to random tuning is that various synchronization factors, including the 
interface between the wireless communications system and the Wireless Location System 
and the latency times in scheduling the necessary receivers throughout the system, can 
limit the total location processing throughput. For example, in a TDMA system, random 
10 tuning used throughout the Wireless Location System will typically limit location 
processing throughput to about 2.5 locations per second per cell site sector. 

Therefore, the narrowband receiver also supports another mode, known as automatic 
sequential tuning, which can perform location processing at a higher throughput. For 

15 example, in a TDMA system, using similar assumptions about dwell time and setup time 
as for the narrowband receiver operation described above, sequential tuning can achieve a 
location processing throughput of about 41 locations per second per cell site sector, 
meaning that all 395 TDMA RF channels can be processed in about 9 seconds. This 
increased rate can be achieved by taking advantage of, for example, the two contiguous 

20 RF channels that can be received simultaneously, location processing all three TDMA 
timeslots in an RF channel, and eliminating the need for synchronization with the wireless 
communications system. When the Wireless Location System is using the narrowband 
receivers for sequential tuning, the Wireless Location System has no knowledge of the 
identity of the wireless transmitter because the Wireless Location System does not wait for 
25 a trigger, nor does the Wireless Location System query the wireless communications 

system for the identity information prior to receiving the transmission. In. this method, the 
Wireless Location System sequences through every cell site, RF channel and time slot, 
performs location processing, and reports a location record identifying a time stamp, cell 
site, RF channel, time slot, and location. Subsequent to the location record report, the 
30 Wireless Location System and the wireless communications system match the location 
records to the wireless communications system's data indicating which wireless 
transmitters were in use at the time, and which cell sites, RF channels, and time slots were 
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used by each wireless transmitter. Then, the Wireless Location System can retain the 
location records for wireless transmitters of interest, and discard those location records for 
the remaining wireless transmitters. 

5 Digital Signal Processor Module 10-3 

The SCS digital receiver modules 10-2 output a digitized RF data stream having a 
specified bandwidth and bit resolution. For example, a 15 MHz embodiment of the 
wideband receiver may output a data stream containing 60 million samples per second, at 
a resolution of 14 bits per sample. This RF data stream will contain all of the RF channels 

l o that are used by the wireless communications system. The DSP modules 1 0-3 receive the 
digitized data stream, and can extract any individual RF channel through digital mixing 
and filtering. The DSP's can also reduce the bit resolution upon command from the 
Wireless Location System, as needed to reduce the bandwidth requirements between the 
SCS 10 and TLP 12. The Wireless Location System can dynamically select the bit 

1 5 resolution at which to forward digitized baseband RF data, based upon the processing 
requirements for each location. DSP's are used for these functions to reduce the systemic 
errors that can occur from mixing and filtering with analog components. The use of DSP's 
allows perfect matching in the processing between any two SCS's 10. 

20 A block diagram of the DSP module 10-3 is shown is Figure 2D, and the operation of the 
DSP module is depicted by the flowchart of Figure 2E. As shown in Figure 2D, the DSP 
module 10-3 comprises the following elements: a pair of DSP elements 10-3-1A and 10-3- 
1B, referred to collectively as a "first" DSP; serial to parallel converters 10-3-2; dual port 
memory elements 10-3-3; a second DSP 10-3-4; a parallel to serial converter; a FIFO 

25 buffer; a DSP 10-3-5 (including RAM) for detection, another DSP 1 0-3-6 for 

demodulation, and another DSP 1 0-3-7 for normalization and control; and an address 
generator 10-3-8. In a presently preferred embodiment, the DSP module 10-3 receives the 
wideband digitized data stream (Figure 2E, step SI), and uses the first DSP (10-3-1A and 
10-3-1B) to extract blocks of channels (step S2). For example, a first DSP programmed to 

30 operate as a digital drop receiver can extract four blocks of channels, where each block 
includes at least 1.25 MHz of bandwidth. This bandwidth can include 42 channels of 
AMPS or TDMA, 6 channels of GSM, or 1 channel of CDMA. The DSP does not require 
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the blocks to be contiguous, as the DSP can independently digitally tune to any set of RF 
channels within the bandwidth of the wideband digitized data stream. The DSP can also 
perform wideband or narrow band energy detection on all or any of the channels in the 
block, and report the power levels by channel to the TLP 12 (step S3). For example, every 
5 1 0 ms, the DSP can perform wideband energy detection and create an RF spectral map for 
all channels for all receivers (see step S9). Because this spectral map can be sent from the 
SCS 10 to the TLP 12 every 10 ms via the communications link connecting the SCS 10 
and the TLP 12, a significant data overhead could exist. Therefore, the DSP reduces the 
data overhead by companding the data into a finite number of levels. Normally, for 
) example, 84 dB of dynamic range could require 14 bits. In the companding process 
implemented by the DSP, the data is reduced, for example, to only 4 bits by selecting 16 
important RF spectral levels to send to the TLP 12. The choice of the number of levels, 
and therefore the number of bits, as well as the representation of the levels, can be 
automatically adjusted by the Wireless Location System. These adjustments are performed 
to maximize the information value of the RF spectral messages sent to the TLP 12 as well 
as to optimize the use of the bandwidth available on the communications link between the 
SCS 10 and the TLP 12. 

After conversion, each block of RF channels (each at least 1.25 MHz) is passed through 
serial to parallel converter 10-3-2 and then stored in dual port digital memory 10-3-3 (step 
S4). The digital memory is a circular memory, which means that the DSP module begins 
writing data into the first memory address and then continues sequentially until the last 
memory address is reached. When the last memory address is reached, the DSP returns to 
the first memory address and continues to sequentially write data into memory. Each DSP 
module typically contains enough memory to store several seconds of data for each block 
of RF channels to support the latency and queuing times in the location process. 

In the DSP module, the memory address at which digitized and converted RF data is 
written into memory is the time stamp used throughout the Wireless Location System and 
which the location processing references in determining TDOA. In order to ensure that the 
time stamps are aligned at every SCS 10 in the Wireless Location System, the address 
generator 10-3-8 receives the one pulse per second signal from the timing generation/clock 
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distribution module 10-7 (Figure 2). Periodically, the address generator at all SCS's 10 in 
a Wireless Location System will simultaneously reset themselves to a known address. This 
enables the location processing to reduce or eliminate accumulated timing errors in the 
recording of time stamps for each digitized data element. 

The address generator 10-3-8 controls both writing to and reading from the dual port 
digital memory 10-3-3. Writing takes places continuously since the ADC is continuously 
sampling and digitizing RF signals and the first DSP (10-3-1A and 10-3-1B) is 
continuously performing the digital drop receiver function. However, reading occurs in 
bursts as the Wireless Location System requests data for performing demodulation and 
location processing. The Wireless Location System may even perform location processing 
recursively on a single transmission, and therefore requires access to the same data 
multiple times. In order to service the many requirements of the Wireless Location 
System, the address generator allows the dual port digital memory to be read at a rate 
faster than the writing occurs. Typically, reading can be performed eight times faster than 
writing. 

The DSP module 10-3 uses the second DSP 10-3-4 to read the data from the digital 
memory 10-3-3, and then performs a second digital drop receiver function to extract 
baseband data from the blocks of RF channels (step S5). For example, the second DSP can 
extract any single 30 KHz AMPS or TDMA channel from any block of RF channels that 
have been digitized and stored in the memory. Likewise, the second DSP can extract any 
single GSM channel. The second DSP is not required to extract a CDMA channel, since 
the channel bandwidth occupies the full bandwidth of the stored RF data. The combination 
of the first DSP 10-3-1A, 10-3-1B and the second DSP 10-3-4 allows the DSP module to 
select, store, and recover any single RF channel in a wireless communications system. A 
DSP module typically will store four blocks of channels. In a dual-mode AMPS/TDMA 
system, a single DSP module can continuously and simultaneously monitor up to 42 
analog reverse control channels, up to 84 digital control channels, and also be tasked to 
monitor and locate any voice channel transmission. A single SCS chassis will typically 
support up to three receiver modules 10-2 (Figure 2), to cover three sectors of two 
antennas each, and up to nine DSP modules (three DSP modules per receiver permits an 
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entire 15 MHz bandwidth to be simultaneously stored into digital memory). Thus, the SCS 
10 is a very modular system than can be easily scaled to match any type of cell site 
configuration and processing load. 

5 The DSP module 10-3 also performs other functions, including automatic detection of 
active channels used in each sector (step S6), demodulation (step S7), and station based 
location processing (step S8). The Wireless Location System maintains an active map of 
the usage of the RF channels in a wireless communications system (step S9), which 
enables the Wireless Location System to manage receiver and processing resources, and to 

) rapidly initiate processing when a particular transmission of interest has occurred. The 
active map comprises a table maintained within the Wireless Location System that lists for 
each antenna connected to an SCS 10 the primary channels assigned to that SCS 10 and 
the protocols used in those channels. A primary channel is an RF control channel assigned 
to a collocated or nearby base station which the base station uses for communications with 
wireless transmitters. For example, in a typical cellular system with sectored cell sites, 
there will be one RF control channel frequency assigned for use in each sector. Those 
control channel frequencies would typically be assigned as primary channels for a 
collocated SCS 10. 

The same SCS 10 may also be assigned to monitor the RF control channels of other 
nearby base stations as primary channels, even if other SCS's 10 also have the same 
primary channels assigned. In this manner, the Wireless Location System implements a 
system demodulation redundancy that ensures that any given wireless transmission has an 
infinitesimal probability of being missed. When this demodulation redundancy feature is 
used, the Wireless Location System will receive, detect, and demodulate the same wireless 
transmission two or more times at more than one SCS 10. The Wireless Location System 
includes means to detect when this multiple demodulation has occurred and to trigger 
location processing only once. This function conserves the processing and 
communications resources of the Wireless Location System, and is further described 
below. This ability for a single SCS 10 to detect and demodulate wireless transmissions 
occurring at cell sites not collocated with the SCS 10 permits operators of the Wireless 
Location System to deploy more efficient Wireless Location System networks. For 
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example, the Wireless Location System may be designed such that the Wireless Location 
System uses much fewer SCS's 10 than the wireless communications system has base 
stations. 

5 In the Wireless Location System, primary channels are entered and maintained in the table 
using two methods: direct programming and automatic detection. Direct programming 
comprises entering primary channel data into the table using one of the Wireless Location 
System user interfaces, such as the Network Operations Console 16 (Figure 1), or by 
receiving channel assignment data from the Wireless Location System to wireless 
) communications system interface. Alternatively, the DSP module 1 0-3 also runs a 
background process known as automatic detection in which the DSP uses spare or 
scheduled processing capacity to detect transmissions on various possible RF channels and 
then attempt to demodulate those transmissions using probable protocols. The DSP 
module can then confirm that the primary channels directly programmed are correct, and 
can also quickly detect changes made to channels at base station and send an alert to the 
operator of the Wireless Location System. 

The DSP module performs the following steps in automatic detection (see Figure 2E-1): 
for each possible control and/or voice channel which may be used in the coverage area 

of the SCS 10, peg counters are established (step S7-1); 
at the start of a detection period, all peg counters are reset to zero (step S7-2); 
each time that a transmission occurs in a specified RF channel, and the received power 

level is above a particular pre-set threshold, the peg counter for that channel is 

incremented (step S7-3); 
each time that a transmission occurs in a specified RF channel, and the received power 

level is above a second particular pre-set threshold, the DSP module attempts to 

demodulate a certain portion of the transmission using a first preferred protocol (step 

S7-4); 

if the demodulation is successful, a second peg counter for that channel is incremented 
(step S7-5); 

if the demodulation is unsuccessful, the DSP module attempts to demodulate a portion 
of the transmission using a second preferred protocol (step S7-6); 
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if the demodulation is successful, a third peg counter for that channel is incremented 
(step S7-7); 

at the end of a detection period, the Wireless Location System reads all peg counters 
(step S7-8); and 

5 the Wireless Location System automatically assigns primary channels based upon the 
peg counters (step S7-9). 

The operator of the Wireless Location System can review the peg counters and the 
automatic assignment of primary channels and demodulation protocols, and override any 
10 settings that were performed automatically. Li addition, if more than two preferred 
protocols may be used by the wireless carrier, then the DSP module 1 0-3 can be 
downloaded with software to detect the additional protocols. The architecture of the SCS 
10, based upon wideband receivers 10-2, DSP modules 10-3, and downloadable software 
permits the Wireless Location System to support multiple demodulation protocols in a 
15 single system. There is a significant cost advantage to supporting multiple protocols within 
the single system, as only a single SCS 10 is required at a cell site. This is in contrast to 
many base station architectures, which may require different transceiver modules for 
different modulation protocols. For example, while the SCS 10 could support AMPS, 
TDMA, and CDMA simultaneously in the same SCS 10, there is no base station currently 
20 available that can support this functionality. 

The ability to detect and demodulate multiple protocols also includes the ability to 
independently detect the use of authentication in messages transmitted over the certain air 
interface protocols. The use of authentication fields in wireless transmitters started to 

25 become prevalent within the last few years as a means to reduce the occurrence of fraud in 
wireless communications systems. However, not all wireless transmitters have 
implemented authentication. When authentication is used, the protocol generally inserts an 
additional field into the transmitted message. Frequently this field is inserted between the 
identity of the wireless transmitter and the dialed digits in the transmitted message. When 

30 demodulating a wireless transmission, the Wireless Location System determines the 

number of fields in the transmitted message, as well as the message type (i.e. registration, 
origination, page response, etc.). The Wireless Location System demodulates all fields and 
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if extra fields appear to be present, giving consideration to the type of message 
transmitted, then the Wireless Location System tests all fields for a trigger condition. For 
example, if the dialed digits "91 1" appear in the proper place in a field, and the field is 
located either in its proper place without authentication or its proper place with 
5 authentication, then the Wireless Location System triggers normally. In this example, the 
digits "91 1" would be required to appear in sequence as "911" or "*91 1", with no other 
digits before or after either sequence. This functionality reduces or eliminates a false 
trigger caused by the digits "911" appearing as part of an authentication field. 

10 The support for multiple demodulation protocols is important for the Wireless Location 
System to successfully operate because location processing must be quickly triggered 
when a wireless caller has dialed "911". The Wireless Location System can trigger 
location processing using two methods: the Wireless Location System will independently 
demodulate control channel transmissions, and trigger location processing using any 

1 5 number of criteria such as dialed digits, or the Wireless Location System may receive 
triggers from an external source such as the carrier's wireless communications system. 
The present inventors have found that independent demodulation by the SCS 10 results in 
the fastest time to trigger, as measured from the moment that a wireless user presses the 
"SEND" or "TALK" (or similar) button on a wireless transmitter. 

20 

Control and Communications Module 10-5 

The control and communications module 10-5, depicted in Figure 2F, includes data 
buffers 10-5-1, a controller 10-5-2, memory 10-5-3, a CPU 10-5-4 and a Tl/El 
communications chip 10-5-5. The module has many of the characteristics previously 

25 described in Patent Number 5,608,410. Several enhancements have been added in the 
present embodiment. For example, the SCS 10 now includes an automatic remote reset 
capability, even if the CPU on the control and communications module ceases to execute 
its programmed software. This capability can reduce the operating costs of the Wireless 
Location System because technicians are not required to travel to a cell site to reset an 

30 SCS 10 if it fails to operate normally. The automatic remote reset circuit operates by 
monitoring the communications interface between the SCS 10 and the TLP 12 for a 
particular sequence of bits. This sequence of bits is a sequence that does not occur during 



WO 00/40992 



PCT/US99/29S07 



normal communications between the SCS 10 and the TLP 12. This sequence, for example, 
may consist of an all ones pattern. The reset circuit operates independently of the CPU so 
that even if the CPU has placed itself in a locked or other non-operating status, the circuit 
can still achieve the reset of the SCS 10 and return the CPU to an operating status. 

This module now also has the ability to record and report a wide variety of statistics and 
variables used in monitoring or diagnosing the performance of the SCS 10. For example, 
the SCS 10 can monitor the percent capacity usage of any DSP or other processor in the 
SCS 10, as well as the communications interlace between the SCS 10 and the TLP 12. 
These values are reported regularly to the AP 14 and the NOC 16, and are used to 
determine when additional processing and communications resources are required in the 
system. For example, alarm thresholds may be set in the NOC to indicate to an operator if 
any resource is consistently exceeding a preset threshold. The SCS 10 can also monitor the 
number of times that transmissions have been successfully demodulated, as well as the 
number of failures. This is useful in allowing operators to determine whether the signal 
thresholds for demodulation have been set optimally. 

This module, as well as the other modules, can also self-report its identity to the TLP 12. 
As described below, many SCS's 10 can be connected to a single TLP 12. Typically, the 
communications between SCS's 10 and TLP's 12 is shared with the communications 
between base stations and MSC's. It is frequently difficult to quickly determine exactly 
which SCS's 10 have been assigned to particular circuits. Therefore, the SCS 10 contains 
a hard coded identity, which is recorded at the time of installation. This identity can be 
read and verified by the TLP 12 to positively determine which SCS 10 has been assigned 
by a carrier to each of several different communications circuits. 

The SCS to TLP communications supports a variety of messages, including: commands 
and responses, software download, status and heartbeat, parameter download, diagnostic, 
spectral data, phase data, primary channel demodulation, and RF data. The 
communications protocol is designed to optimize Wireless Location System operation by 
minimizing the protocol overhead and the protocol includes a message priority scheme. 
Each message type is assigned a priority, and the SCS 10 and the TLP 12 will queue 
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messages by priority such that a higher priority message is sent before a lower priority 
message is sent. For example, demodulation messages are generally set at a high priority 
because the Wireless Location System must trigger location processing on certain types of 
calls (i.e., E9-1-1) without delay. Although higher priority messages are queued before 
5 lower priority messages, the protocol generally does not preempt a message that is already 
in transit. That is, a message in the process of being sent across the SCS 10 to TLP 12 
communications interface will be completed fully, but then the next message to be sent 
will be the highest priority message with the earliest time stamp. In order to minimize the 
latency of high priority messages, long messages, such as RF data, are sent in segments. 
1 0 For example, the RF data for a full 1 00-millisecond AMPS transmission may be separated 
into 10-millisecond segments. In this manner, a high priority message may be queued in 
between segments of the RF data. 

Calibration and Performance Monitoring 

The architecture of the SCS 10 is heavily based upon digital technologies including the 
digital receiver and the digital signal processors. Once RF signals have been digitized, 
timing, frequency, and phase differences can be carefully controlled in the various 
processes. More importantly, any timing, frequency, and phase differences can be 
perfectly matched between the various receivers and various SCS's 10 used in the 
Wireless Location System. However, prior to the ADC, the RF signals pass through a 
number of RF components, including antennas, cables, low noise amplifiers, filters, 
duplexors, multi-couplers, and RF splitters. Each of these RF components has 
characteristics important to the Wireless Location System, including delay and phase 
versus frequency response. When the RF and analog components are perfectly matched 
between the pairs of SCS's 1 0, such as SCS 10A and SCS 1 0B in Figure 2G, then the 
effects of these characteristics are automatically eliminated in the location processing. But 
when the characteristics of the components are not matched, then the location processing 
can inadvertently include instrumental errors resulting from the mismatch. Additionally, 
many of these RF components can experience instability with power, time, temperature, or 
other factors that can add instrumental errors to the determination of location. Therefore, 
several inventive techniques have been developed to calibrate the RF components in the 
Wireless Location System and to monitor the performance of the Wireless Location 
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System on a regular basis. Subsequent to calibration, the Wireless Location System stores 
the values of these delays and phases versus frequency response (i.e. by RF channel 
number) in a table in the Wireless Location System for use in correcting these 
instrumental errors. Figures 2G-2J are referred to below in explaining these calibration 
5 methods. 



External Calibration Method 

Referring to Figure 2G, the timing stability of the Wireless Location System is measured 
along baselines, where each baseline is comprised of two SCS's, 10A and 10B, and an 
1 0 imaginary line (A - B) drawn between them. In a TDOA / FDOA type of Wireless 
Location System, locations of wireless transmitters are calculated by measuring the 
differences in the times that each SCS 10 records for the arrival of the signal from a 
wireless transmitter. Thus, it is important that the differences in times measured by SCS's 
10 along any baseline are largely attributed to the transmission time of the signal from the 

15 wireless transmitter and minimally attributed to the variations in the RF and analog 
components of the SCS's 10 themselves. To meet the accuracy goals of the Wireless 
Location System, the timing stability for any pair of SCS's 10 are maintained at much less 
than 100 nanoseconds RMS (root mean square). Thus, the components of the Wireless 
Location System will contribute less than 100 feet RMS of instrumentation error in the 

20 estimation of the location of a wireless transmitter. Some of this error is allocated to the 
ambiguity of the signal used to calibrate the system. This ambiguity can be determined 
from the well-known Cramer-Rao lower bound equation. In the case of an AMPS reverse 
control channel, this error is approximately 40 nanoseconds RMS. The remainder of the 
error budget is allocated to the components of the Wireless Location System, primarily the 

25 RF and analog components in the SCS 10. 



In the external calibration method, the Wireless Location System uses a network of 
calibration transmitters whose signal characteristics match those of the target wireless 
transmitters. These calibration transmitters may be ordinary wireless telephones emitting 
30 periodic registration signals and/or page response signals. Each usable SCS-to-SCS 
baseline is preferably calibrated periodically using a calibration transmitter that has a 
relatively clear and unobstructed path to both SCS's 10 associated with the baseline. The 
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calibration signal is processed identically to a signal from a target wireless transmitter. 
Since the TDOA values are known a priori, any errors in the calculations are due to 
systemic errors in the Wireless Location System. These systemic errors can then be 
removed in the subsequent location calculations for target transmitters. 

5 

Figure 2G illustrates the external calibration method for rninimizing timing errors. As 
shown, a first SCS 1 OA at a point "A" and a second SCS 10A at a point "B" have an 
associated baseline A-B. A calibration signal emitted at time T 0 by a calibration 
transmitter at point "C" will theoretically reach first SCS I OA at time T 0 + T AC . T AC is a 
10 measure of the amount of time required for the calibration signal to travel from the 

antenna on the calibration transmitter to the dual port digital memory in a digital receiver. 
Likewise, the same calibration signal will reach second SCS 1 OB at a theoretical time T 0 + 
Tbc- Usually, however, the calibration signal will not reach the digital memory and the 
digital signal processing components of the respective SCS's 10 at exactly the correct 
times. Rather, there will be errors el and e2 in the amount of time (T AC , Tbc) it takes the 
calibration signal to propagate from the calibration transmitter to the SCS's 10, 
respectively, such that the exact times of arrival are actually T 0 + T AC + el and T 0 + T B c + 
e2. Such errors will be due to some extent to delays in the signal propagation through the 
air, i.e., from the calibration transmitter's antenna to the SCS antennas; however, the 
errors will be due primarily to time varying characteristics in the SCS front end 
components. The errors el and e2 cannot be determined perse because the system does 
not know the exact time (T 0 ) at which the calibration signal was transmitted. The system 
can, however, determine the error in the difference in the time of arrival of the calibration 
signal at the respective SCS's 10 of any given pair of SCS's 10. This TDOA error value is 
defined as the difference between the measured TDOA value and the theoretical TDOA 
value T 0 . where t 0 is the theoretical differences between the theoretical delay values T AC 
and T BC . Theoretical TDOA values for each pair of SCS's 10 and each calibration 
transmitter are known because the positions of the SCS's 10 and calibration transmitter, 
and the speed at which the calibration signal propagates, are known. The measured TDOA 
baseline (TDOA A . B ) can be represented as TDOA A . B = x 0 + e, where € - el - e2. In a 
similar manner, a calibration signal from a second calibration transmitter at point "D" will 
have associated errors e3 and e4. The ultimate value of e to be subtracted from TDOA 
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measurements for a target transmitter will be a function (e.g., weighted average) of the 
e values derived for one or more calibration transmitters. Therefore, a given TDOA 
measurement (TDOA^^d) for a pair of SCS's 10 at points "X" and "Y" and a target 
wireless transmitter at an unknown location will be corrected as follows: 

5 

TDOAx-Y = TDOAmeMured " 6 

€ = klel + k2e2+....kNeN, 

where kl, k2, etc., are weighting factors and e 1, e2, etc., are the errors determined by 
10 subtracting the measured TDOA values from the theoretical values for each calibration 
transmitter. In this example, error value e 1 may the error value associated with the 
calibration transmitter at point "C" in the drawing. The weighting factors are determined 
by the operator of the Wireless Location System, and input into the configuration tables 
for each baseline. The operator will take into consideration the distance from each 
15 calibration transmitter to the SCS's 10 at points "X" and "Y", the empirically determined 
line of sight from each calibration transmitter to the SCS's 10 at points "X" and T, and 
the contribution that each SCS "X" and "Y" would have made to a location estimate of a 
wireless transmitter that might be located in the vicinity of each calibration transmitter. In 
general, calibration transmitters that are nearer to the SCS's 10 at points "X" and "Y" will 
20 be weighted higher than calibration transmitters that are farther away, and calibration 
transmitters with better line of sight to the SCS's 10 at points "X" and "Y" will be 
weighted higher than calibration transmitters with worse line of sight. 

Each error component el, e2, etc., and therefore the resulting error component e, can vary 
25 widely, and wildly, over time because some of the error component is due to multipath 
reflection fipm the calibration transmitter to each SCS 10. The multipath reflection is very 
much path dependent and therefore will vary from measurement to measurement and from 
path to path. It is not an object of this method to determine the multipath reflection for 
these calibration paths, but rather to determine the portion of the errors that are attributable 
30 to the components of the SCS's 10. Typically, therefore, error values el and e3 will have a 
common component since they relate to the same first SCS 10A. Likewise, error values e2 
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and e4 will also have a common component since they relate to the second SCS 10B. It is 
known that while the multipath components can vary wildly, the component errors vary 
slowly and typically vary sinusoidally. Therefore, in the external calibration method, the 
error values e are filtered using a weighted, time-based filter that decreases the weight of 
5 the wildly varying multipath components while preserving the relatively slow changing 
error components attributed to the SCS's 10. One such exemplary filter used in the 
external calibration method is the Kalman filter. 

The period between calibration transmissions is varied depending on the error drift rates 
10 determined for the SCS components. The period of the drift rate should be much longer 
than the period of the calibration interval. The Wireless Location System monitors the 
period of the drift rate to determine continuously the rate of change, and may periodically 
adjust the calibration interval, if needed. Typically, the calibration rate for a Wireless 
Location System such as one in accordance with the present invention is between 10 and 
15 30 minutes. This corresponds well with the typical time period for the registration rate in a 
wireless communications system. If the Wireless Location System were to determine that 
the calibration interval must be adjusted to a rate faster than the registration rate of the 
wireless communications system, then the AP 14 (Figure 1) would automatically force the 
calibration transmitter to transmit by paging the transmitter at the prescribed interval. Each 
20 calibration transmitter is individually addressable and therefore the calibration interval 
associated with each calibration transmitter can be different. 

Since the calibration transmitters used in the external calibration method are standard 
telephones, the Wireless Location System must have a mechanism to distinguish those 

25 telephones from the other wireless transmitters that are being located for various 

application purposes. The Wireless Location System maintains a list of the identities of the 
calibration transmitters, typically in the TLP 12 and in the AP 14. In a cellular system, the 
identity.of the calibration transmitter can be the Mobile Identity Number, or MIN. When 
the calibration transmitter makes a transmission, the transmission is received by each SCS 

30 10 and demodulated by the appropriate SCS 1 0. The Wireless Location System compares 
the identity of the transmission with a pre-stored tasking list of identities of all calibration 
transmitters. If the Wireless Location System determines that the transmission was a 
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calibration transmission, then the Wireless Location System initiates external calibration 
processing. 

Internal Calibration Method 
5 In addition to the external calibration method, it is an object of the present invention to 
calibrate all channels of the wideband digital receiver used in the SCS 10 of a Wireless 
Location System. The external calibration method will typically calibrate only a single 
channel of the multiple channels used by the wideband digital receiver. This is because the 
fixed calibration transmitters will typically scan to the highest-power control channel, 
1 0 which will typically be the same control channel each time. The transfer function of a 
wideband digital receiver, along with the other associated components, does not remain 
perfectly constant, however, and will vary with time and temperature. Therefore, even 
though the external calibration method can successfully calibrate a single channel, there is 
no assurance that the remaining channels will also be calibrated. 

15 

The internal calibration method, represented in the flowchart of Figure 2H, is particularly 
suited for calibrating an individual first receiver system (i.e., SCS 10) that is characterized 
by a time- and frequency-varying transfer function, wherein the transfer function defines 
how the amplitude and phase of a received signal will be altered by the receiver system 

20 and the receiver system is utilized in a location system to determine the location of a 
wireless transmitter by, in part, determining a difference in time of arrival of a signal 
transmitted by the wireless transmitter and received by the receiver system to be calibrated 
and another receiver system, and wherein the accuracy of the location estimate is 
dependent, in part, upon the accuracy of TDOA measurements made by the system. An 

25 example of a AMPS RCC transfer function is depicted in Figure 21, which depicts how the 
phase of the transfer function varies across the 21 control channels spanning 630 KHz. 

Referring to Figure 2H, the internal calibration method includes the steps of temporarily 
and electronically disconnecting the antenna used by a receiver system from the receiver 
30 system (step S-20); injecting an internally generated wideband signal with known and 
stable signal characteristics into the first receiver system (step S-21); utilizing the 
generated wideband signal to obtain an estimate of the manner in which the transfer 
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function varies across the bandwidth of the first receiver system (step S-22); and utilizing 
the estimate to mitigate the effects of the variation of the first transfer function on the time 
and frequency measurements made by the first receiver system (step S-23). One example 
of a stable wideband signal used for internal calibration is a comb signal, which is 
5 comprised of multiple individual, equal-amplitude frequency elements at a known spacing, 
such as 5 KHz. An example of such a signal is shown in Figure 21. 

The antenna must be temporarily disconnected during the internal calibration process to 
prevent external signals from entering the wideband receiver and to guarantee that the 

10 receiver is only receiving the stable wideband signal. The antenna is electronically 

disconnected only for a few milliseconds to niinimize the chance of missing too much of a 
signal from a wireless transmitter. In addition, internal calibration is typically performed 
immediately after external calibration to niinimize the possibility that the any component 
in the SCS 10 drifts during the interval between external and internal calibration. The 

15 antenna is disconnected from the wideband receiver using two electronically controlled RF 
relays (not shown). An RF relay cannot provide perfect isolation between input and output 
even when in the "off" position, but it can provide up to 70 dB of isolation. Two relays 
may be used in series to increase the amount of isolation and to further assure that no 
signal is leaked from the antenna to the wideband receiver during calibration. Similarly, 
20 when the internal calibration function is not being used, the internal calibration signal is 
•turned off, and the two RF relays are also turned off to prevent leakage of the internal 
calibration signals into the wideband receiver when the receiver is collecting signals from 
wireless transmitters. 

25 The external calibration method provides an absolute calibration of a single channel and 
the internal calibration method then calibrates each other channel relative to the channel 
that had been absolutely calibrated. The comb signal is particularly suited as a stable 
wideband signal because it can be easily generated using a stored replica of the signal and 
a digital to analog converter. 

30 
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External Calibration Using Wideband Calibration Signal 

The external calibration method described next may be used in connection with an SCS 1 0 
receiver system characterized by a time- and frequency-varying transfer function, which 
preferably includes the antennas, filters, amplifiers, duplexors, multi-couplers, splitters, 
5 and cabling associated with the SCS receiver system. The method includes the step of 
transmitting a stable, known wideband calibration signal from an external transmitter. The 
wideband calibration signal is then used to estimate the transfer function across a 
prescribed bandwidth of the SCS receiver system. The estimate of the transfer function is 
subsequently employed to mitigate the effects of variation of the transfer function on 
subsequent TDOA/FDOA measurements. The external transmission is preferably of short 
duration and low power to avoid interference with the wireless communications system 
hosting the Wireless Location System. 

In the preferred method, the SCS receiver system is synchronized with the external 
transmitter. Such synchronization may be performed using GPS timing units. Moreover, 
the receiver system may be programmed to receive and process the entire wideband of the 
calibration signal only at the time that the calibration signal is being sent. The receiver 
system will not perform calibration processing at any time other than when in 
synchronization with the external calibration transmissions. In addition, a wireless 
communications link is used between the receiver system and the external calibration 
transmitter to exchange commands and responses. The external transmitter may use a 
directional antenna to direct the wideband signal only at the antennas of the SCS receiver 
system. Such as directional antenna may be a Yagi antenna (i.e. linear end-fire array). The 
calibration method preferably includes making the external transmission only when the 
directional antenna is aimed at the receiver system's antennas and the risk of multipath 
reflection is low. 

Calibrating for Station Biases 

Another aspect of the present invention concerns a calibration method to correct for station 
biases in a SCS receiver system. The "station bias" is defined as the finite delay between 
when an RF signal from a wireless transmitter reaches the antenna and when that same 
signal reached the wideband receiver. The inventive method includes the step of 
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measuring the length of the cable from the antennas to the filters and deteimining the 
corresponding delays associated with the cable length. In addition, the method includes 
injecting a known signal into the filter, duplexor, multi-coupler, or RF splitter and 
measuring the delay and phase response versus frequency response from the input of each 
5 device to the wideband receiver. The delay and phase values are then combined and used 
to correct subsequent location measurements. When used with the GPS based timing 
generation described above, the method preferably includes correcting for the GPS cable 
lengths. Moreover, an externally generated reference signal is preferably used to monitor 
changes in station bias that may arise due to aging and weather. Finally, the station bias by 
10 RF channel and for each receiver system in the Wireless Location System is preferably 
stored in tabular form in the Wireless Location System for use in correcting subsequent 
location processing. 

Performance Monitoring 

The Wireless Location System uses methods similar to calibration for performance 
monitoring on a regular and ongoing basis. These methods are depicted in the flowcharts 
of Figure 2K and 2L. Two methods of performance monitoring are used: fixed phones and 
drive testing of surveyed points. The fixed phone method comprises the following steps 
(see Figure 2K): 

standard wireless transmitters are permanently placed at various points within the 
coverage area of the Wireless Location System (these are then known as the fixed 
phones) (step S-30); 
the points at which the fixed phones have been placed are surveyed so that their 
location is precisely known to within a predetermined distance, for example ten feet 
(stepS-31); 

the surveyed locations are stored in a table in the AP 14 (step S-32); 
the fixed phones are permitted to register on the wireless communications system, at 
the rate and interval set by the wireless communications system for all wireless 
transmitters on the system (step S-33); 
at each registration transmission by a fixed phone, the Wireless Location System 
locates the fixed phone using normal location processing (as with the calibration 
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transmitters, the Wireless Location System can identify a transmission as being 
from a fixed phone by storing the identities in a table) (step S-34); 
the Wireless Location System computes an error between the calculated location 
determined by the location processing and the stored location determined by survey 
5 (step S-35); 

the location, the error value, and other measured parameters are stored along with a 

time stamp in a database in the AP 14 (step S-36); 
the AP 14 monitors the instant error and other measured parameters (collectively 
referred to as an extended location record) and additionally computes various 
10 statistical values of the error(s) and other measured parameters (step S-37); and 

if any of the error or other values exceed a pre-determined threshold or a historical 
statistical value, either instantaneously or after performing statistical filtering over a 
prescribed number of location estimates, the AP 14 signals an alarm to the operator 
of the Wireless Location System (step S-38). 

The extended location record includes a large number of measured parameters usefully for 
analyzing the instant and historical performance of the Wireless Location System. These 
parameters include: the RF channel used by the wireless transmitter, the antenna port(s) 
used by the Wireless Location System to demodulate the wireless transmission, the 
antenna ports from which the Wireless Location System requested RF data, the peak, 
average, and variance in power of the transmission over the interval used for location 
processing, the SCS 10 and antenna port chosen as the reference for location processing, 
the correlation value from the cross-spectra correlation between every other SCS 10 and 
antenna used in location processing and the reference SCS 10 and antenna, the delay value 
for each baseline., the multipath mitigation parameters, and the residual values remaining 
after the multipath mitigation calculations. Any of these measured parameters can be 
monitored by the Wireless Location System for the purpose of determining how the 
Wireless Location System is performing. One example of the type of monitoring 
performed by the Wireless Location System may be the variance between the instant value 
of the correlation on a baseline and the historical range of the correlation value. Another 
may be the variance between the instant value of the received power at a particular 
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antenna and the historical range of the received power. Many other statistical values can 
be calculated and this list is not exhaustive. 

The number of fixed phones placed into the coverage area of the Wireless Location 
5 System can be determined based upon the density of the cell sites, the difficulty of the 
terrain, and the historical ease with which wireless communications systems have 
performed in the area. Typically the ratio is about one fixed phone for every six cell sites, 
however in some areas a ratio of one to one may be required. The fixed phones provide a 
continuous means to monitor the performance of the Wireless Location System, as well as 
10 the monitor any changes in the frequency plan that the carrier may have made. Many 
times, changes in the frequency plan will cause a variation in the performance of the 
Wireless Location System and the performance monitoring of the fixed phones provide an 
immediate indication to the Wireless Location System operator. 

15 Drive testing of surveyed points is very similar to the fixed phone monitoring. Fixed 
phones typically can only be located indoors where access to power is available (i.e. the 
phones must be continuously powered on to be effective). To obtain a more complete 
measurement of the performance of the location performance, drive testing of outdoor test 
points is also performed. Referring to Figure 2L, as with the fixed phones, prescribed test 

20 points throughout the coverage area of the Wireless Location System are surveyed to 
within ten feet (step S-40). Each test point is assigned a code, where the code consists of 
either a "*" or a '*#", followed by a sequence number (step S-41). For example, "*1001" 
through "*1099" may be a sequence of 99 codes used for test points. These codes should 
be sequences, that when dialed, are meaningless to the wireless communications system 

25 (i.e. the codes do not cause a feature or other translation to occur in the MSC, except for 
an intercept message). The AP 14 stores the code for each test point along with the 
surveyed location (step S-42). Subsequent to these initial steps, any wireless transmitter 
dialing any of the codes will be triggered and located using normal location processing 
(steps S-43 and S-44). The Wireless Location System automatically computes an error 

30 between the calculated location determined by the location processing and the stored 

location determined by survey, and the location and the error value are stored along with a 
time stamp in a database in the AP 14 (steps S-45 and S-46). The AP 14 monitors the 
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instant error, as well as various historical statistical values of the error. If the error values 
exceed a pre-determined threshold or a historical statistical value, either instantaneously or 
after performing statistical filtering over a prescribed number of location estimates, the AP 
1 4 signals an alarm to the operator of the Wireless Location System (step S-47). 

5 

TDOA Location Processor (TLP) 

The TLP 12, depicted in Figures 1, 1A and 3, is a centralized digital signal processing 
system that manages many aspects of the Wireless Location System, especially the SCS's 
10, and provides control over the location processing. Because location processing is DSP 

10 intensive, one of the major advantages of the TLP 12 is that the DSP resources can be 
shared among location processing initiated by transmissions at any of the SCS's 10 in a 
Wireless Location System. That is, the additional cost of DSP's at the SCS's 10 is reduced 
by having the resource centrally available. As shown in Figure 3, there are three major 
components of the TLP 12: DSP modules 12-1, Tl/El communications modules 12-2 and 

1 5 a controller module 1 2-3 . 

The Tl/El communications modules 12-2 provide the communications interface to the 
SCS's 10 (Tl and El are standard communications speeds available throughout the 
world). Each SCS 10 communicates to a TLP 12 using one or more DSO's (which are 

20 typically 56Kbps or 64 Kbps). Each SCS 10 typically connects to a fractional Tl or El 
circuit, using, e.g., a drop and insert unit or channel bank at the cell site. Frequently, this 
circuit is shared with the base station, which communicates with the MSC. At a central 
site, the DSO's assigned to the base station are separated from the DSO's assigned to the 
SCS's 10. This is typically accomplished external to the TLP 12 using a digital access and 

25 control system (DACS) 1 3A that not only separates the DSO's but also grooms the DSO's 
from multiple SCS's 10 onto full Tl or El circuits. These circuits then connect from the 
DACS 13A to the DACS 13B and then to the Tl/El communications module on the TLP 
12. Each Tl/El communications module contains sufficient digital memory to buffer 
packets of data to and from each SCS 10 communicating with the module. A single TLP 

30 chassis may support one or more Tl/El communications modules. 
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The DSP modules 12-1 provide a pooled resource for location processing. A single 
module may typically contain two to eight digital signal processors, each of which are 
equally available for location processing. Two types of location processing are supported: 
central based and station based, which are described in further detail below. The TLP 
5 controller 12-3 manages the DSP modules) 12-1 to obtain optimal throughput. Each DSP 
module contains sufficient digital memory to store all of the data necessary for location 
processing. A DSP is not engaged until all of the data necessary to begin location 
processing has been moved from each of the involved SCS's 10 to the digital memory on 
the DSP module. Only then is a DSP given the specific task to locate a specific wireless 
1 o transmitter. Using this technique, the DSP's , which are an expensive resource, are never 
kept waiting. A single TLP chassis may support one or more DSP modules. 

The controller module 12-3 provides the real time management of all location processing 
within the Wireless Location System. The AP 14 is the top-level management entity 

15 within the Wireless Location System, however its database architecture is not sufficiently 
fast to conduct the real time decision making when transmissions occur. The controller 
module 12-3 receives messages from the SCS's 10, including: status, spectral energy in 
various channels for various antennas, demodulated messages, and diagnostics. This 
enables the controller to continuously determine events occurring in the Wireless Location 

20 System, as well as to send commands to take certain actions. When a controller module 
receives demodulated messages from SCS's 10, the controller module decides whether 
location processing is required for a particular wireless transmission. The controller 
module 12-3 also determines which SCS's 10 and antennas to use in location processing, 
including whether to use central based or station based location processing. The controller 

25 module commands SCS's 1 0 to return the necessary data, and commands the 

communications modules and DSP modules to sequentially perform their necessary roles 
in location processing. These steps are described below in further detail. 

The controller module 12-3 maintains a table known as the Signal of Interest Table 
30 (SOIT). This table contains all of the criteria that may be used to trigger location 

processing on a particular wireless transmission. The criteria may include, for example, 
the Mobile Identity Number, the Mobile Station ID, the Electronic Serial Number, dialed 
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digits, System ID, RF channel number, cell site number or sector number, type of 
transmission, and other types of data elements. Some of the trigger events may have 
higher or lower priority levels associated with them for use in determining the order of 
processing. Higher priority location triggers will always be processing before lower 
5 priority location triggers. However, a lower priority trigger that has already begun location 
processing will complete the processing before being assigned to a higher priority task. 
The master Tasking List for the Wireless Location System is maintained on the AP 14, 
and copies of the Tasking List are automatically downloaded to die Signal of Interest 
Table in each TLP 12 in the Wireless Location System. The full Signal of Interest Table is 

10 downloaded to a TLP 12 when the TLP 12 is reset or first starts. Subsequent to those two 
events, only changes are downloaded from the AP 14 to each TLP 12 to conserve 
communications bandwidth. The TLP 12 to AP 14 communications protocol preferably 
contains sufficient redundancy and error checking to prevent incorrect data from ever 
being entered into the Signal of Interest Table . When the AP 14 and TLP 12 periodically 

15 have spare processing capacity available, the AP 14 reconfirms entries in the Signal of 
Interest Table to ensure that all Signal of Interest Table entries in the Wireless Location 
System are in full synchronization. 

Each TLP chassis has a maximum capacity associated with the chassis. For example, a 
20 single TLP chassis may only have sufficient capacity to support between 48 and 60 SCS's 
10. When a wireless communications system is larger that the capacity of a single TLP 
chassis, multiple TLP chassis are connected together using Ethernet networking. The 
controller module 12-3 is responsible for inter-TLP communications and networking, and 
communicates with the controller modules in other TLP chassis and with Application 
25 Processors 14 over the Ethernet network. Inter-TLP communications is required when 
location processing requires the use of SCS's 10 that are connected to different TLP 
chassis. Location processing for each wireless transmission is assigned to a single DSP 
module, in a single TLP chassis. The controller modules 12-3 in TLP chassis select the 
DSP module on which to perform location processing, and then route all of the RF data 
30 used in location processing to that DSP module. If RF data is required from the SCS's 1 0 
connected to more that one TLP 12, then the controller modules in all necessary TLP 
chassis communicate to move the RF data from all necessary SCS's 10 to their respective 
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connected TLP's 12 and then to the DSP module and TLP chassis assigned to the location 
processing. The controller module supports two fully independent Ethernet networks for 
redundancy. A break or failure in any one network causes the affected TLP's 12 to 
immediately shift all communications to the other network. 

5 

The controller modules 12-3 maintain a complete network map of the Wireless Location 
System, including the SCS's 10 associated with each TLP chassis. The network map is a 
table stored in the controller module containing a list of the candidate SCS/antennas that 
may be used in location processing, and various parameters associated with each of the 
10 SCS/antennas. The structure of an exemplary network map is depicted in Figure 3A. There 
is a separate entry in the table for each antenna connected to an SCS 1 0. When a wireless 
transmission occurs in an area that is covered by SCS's 10 communicating with more than 
one TLP chassis, the controller modules in the involved TLP chassis determine which TLP 
chassis will be the "master" TLP chassis for the purpose of managing location processing. 
15 Typically, the TLP chassis associated with the SCS 1 0 that has the primary channel 
assignment for the wireless transmission is assigned to be the master. However, another 
TLP chassis may be assigned instead if that TLP temporarily has no DSP resources 
available for location processing, or if most of the SCS's 10 involved in location 
processing are connected to another TLP chassis and the controller modules are 
20 minimizing inter-TLP communications. This decision making process is fully dynamic, 
but is assisted by tables in the TLP 12 that pre-determine the preferred TLP chassis for 
every primary channel assignment. The tables are created by the operator of the Wireless 
Location System, and programmed using the Network Operations Console. 

25 The networking described herein functions for both TLP chassis associated with the same 
wireless carrier, as well as for chassis that overlap or border the coverage area between 
two wireless carriers. Thus it is possible for a TLP 12 belonging to a first wireless carrier 
to be networked and therefore receive RF data from a TLP 12 (and the SCS's 10 
associated with that TLP 12) belonging to a second wireless carrier. This networking is 

30 particularly valuable in rural areas, where the performance of the Wireless Location 

System can be enhanced by deploying SCS's 10 at cell sites of multiple wireless carriers. 
Since in many cases wireless carriers do not collocate cell sites, this feature enables the 
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Wireless Location System to access more geographically diverse antennas than might be 
available if the Wireless Location System used only the cell sites from a single wireless 
carrier. As described below, the proper selection and use of antennas for location 
processing can enhance the performance of the Wireless Location System. 

5 

The controller module 12-3 passes many messages, including location records, to the AP 
14, many of which are described below. Usually, however, demodulated data is not passed 
from the TLP 12 to the AP 14. If, however, the TLP 12 receives demodulated data from a 
particular wireless transmitter and the TLP 12 identifies the wireless transmitter as being a 
10 registered customer of a second wireless carrier in a different coverage area, the TLP 12 
may pass the demodulated data to the first (serving) AP 14A. This will enable the first AP 
14A to communicate with a second AP 14B associated with the second wireless carrier, 
and determine whether the particular wireless transmitter has registered for any type of 
location services. If so, the second AP 14B may instruct the first AP 14A to place the 
1 5 identity of the particular wireless transmitter into the Signal of Interest Table so that the 
particular wireless transmitter will be located for as long as the particular wireless 
transmitter is in the coverage area of the first Wireless Location System associated with 
the first AP 14 A. When the first Wireless Location System has detected that the particular 
wireless transmitter has not registered in a time period exceeding a pre-determined 
20 threshold, the first AP 14A may instruct the second AP 14B that the identity of the 

particular wireless transmitter is being removed from the Signal of Interest Table for the 
reason of no longer being present in the coverage area associated with the first AP 14A. 

Diagnostic Port 

25 The TLP 1 2 supports a diagnostic port that is highly useful in the operation and diagnosis 
of problems within the Wireless Location System. This diagnostic port can be accessed 
either locally at a TLP 12 or remotely over the Ethernet network connecting the TLP's 12 
to the AP's. The diagnostic port enables an operator to write to a file all of the 
demodulation and RF data received from the SCS's 10, as well as the intermediate and 

30 final results of all location processing. This data is erased from the TLP 12 after 

processing a location estimate, and therefore the diagnostic port provides the means to 
save the data for later post-processing and analysis. The inventor's experience in operating 
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large scale wireless location systems is that a very small number of location estimates can 
occasionally nave very large errors, and these large errors can dominate the overall 
operating statistics of the Wireless Location System over any measurement period. 
Therefore, it is important to provide the operator with a set of tools that enable the 
5 Wireless Location System to detect and trap the cause of the very large errors to diagnose 
and mitigate those errors. The diagnostic port can be set to save the above information for 
all location estimates, for location estimates from particular wireless transmitters or at 
particular test points, or for location estimates that meet a certain criteria. For example, for 
fixed phones or drive testing of surveyed points, the diagnostic port can determine the 
10 error in the location estimate in real time and then write the above described information 
only for those location estimates whose error exceeds a predetermined threshold. The 
diagnostic port determines the error in real time by storing the surveyed latitude, longitude 
coordinate of each fixed phone and drive test point in a table, and then calculating a radial 
error when a location estimate for the corresponding test point is made. 

15 

Redundancy 

The TLP's 12 implement redundancy using several inventive techniques, allowing the 
Wireless Location System to support an M plus N redundancy method. M plus N 
redundancy means that N redundant (or standby) TLP chassis are used to provide full 
20 redundant backup to M online TLP chassis. For example, M may be ten and N may be 
two. 



First, the controller modules in different TLP chassis continuously exchange status and 
"heartbeat" messages at pre-determined time intervals between themselves and with every 
AP 14 assigned to monitor the TLP chassis. Thus, every controller module has continuous 
and full status of every other controller module in the Wireless Location System. The 
controller modules in different TLP chassis periodically select one controller module in 
one TLP 12 to be the master controller for a group of TLP chassis. The master controller 
may decide to place a first TLP chassis into off-line status if the first TLP 12A reports a 
failed or degraded condition in its status message, or if the first TLP 12A fails to report 
any status or heartbeat messages within its assigned and pre-determined time. If the master 
controller places a first TLP 12A into off-line status, the master controller may assign a 
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second TLP 12B to perform a redundant switchover and assume the tasks of the off-line 
first TLP 12A. The second TLP 12B is automatically sent the configuration that had been 
loadedinto the first TLP 12A; this configuration may be downloaded from either the 
master controller or from an AP 14 connected to the TLP's 12. The master controller may 
5 be a controller module on any one of the TLP's 12 that is not in off-line status, however 
there is a preference that the master controller be a controller module in a stand-by TLP 
12. When the master controller is the controller module in a stand-by TLP 12, the time 
required to detect a failed first TLP 12A, place the first TLP 12A into off-line status, and 
then perform a redundant switchover can be accelerated. 

Second, all of the Tl or El communications between the SCS's 10 and each of the TLP 
Tl/El communications modules 12-2 are preferably routed through a high-reliability 
DACS that is dedicated to redundancy control. The DACS 13B is connected to every 
groomed Tl/El circuit containing DSO's from SCS's 10 and is also connected to every 
Tl/El communications module 12-2 of every TLP 12. Every controller module at every 
TLP 12 contains a map of the DACS 13B that describes the DACS' connection list and 
port assignments. This DACS 13B is connected to the Ethernet network described above 
and can be controlled by any of the controller modules 12-3 at any of the TLP's 12. When 
a second TLP 12 is placed into off-line status by a master controller, the master controller 
sends commands to the DACS 13B to switch the groomed Tl/El circuit communicating 
with the first TLP 12A to a second TLP 12B which had been in standby status. At the 
same time, the AP 14 downloads the complete configuration file that was being used by 
the second (and now off-line) TLP 12B to the third (and now online) TLP 12C. The time 
from the first detection of a failed first TLP chassis to the complete switch-over and 
assumption of processing responsibilities by a third TLP chassis is typically less than few 
seconds. In many cases, no RF data is lost by the SCS's 10 associated with the failed first 
TLP chassis, and location processing can continue without interruption. At the time of a 
TLP fail-over when a first TLP 12A is placed into off-line status, the NOC 16 creates an 
alert to notify the Wireless Location System operator that the event has occurred. 

Third, each TLP chassis contains redundant power supplies, fans, and other components. 
A TLP chassis can also support multiple DSP modules, so that the failure of a single DSP 
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module or even a single DSP on a DSP module reduces the overall amount of processing 
resources available but does not cause the failure of the TLP chassis. In all of the cases 
described in this paragraph, the failed component of the TLP 12 can be replaced without 
placing the entire TLP chassis into off-line status. For example, if a single power supply 
5 fails, the redundant power supply has sufficient capacity to singly support the load of the 
chassis. The failed power supply contains the necessary circuitry to remove itself from the 
load of the chassis and not cause further degradation in the chassis. Similarly, a failed DSP 
module can also remove itself from the active portions of the chassis, so as to not cause a 
failure of the backplane or other modules. This enables the remainder of the chassis, 
10 including the second DSP module, to continue to function normally. Of course, the total 
processing throughput of the chassis is reduced but a total failure is avoided. 

Application Processor (AP) 14 

The AP 14 is a centralized database system, comprising a number of software processes 
15 that manage the entire Wireless Location System, provide interfaces to external users and 
applications, store location records and configurations, and support various application- 
related functionality. The AP 14 uses a commercial hardware platform that is sized to 
match the throughput of the Wireless Location System. The AP 14 also uses a commercial 
relational database system (RDBMS), which has been significantly customized to provide 
20 the functionality described herein. While the SCS 10 and TLP 12 preferably operate 
together on a purely real time basis to determine location and create location records, the 
AP 14 can operate on both a real time basis to store and forward location records and a 
non-real time basis to post-process location records and provide access and reporting over 
time. The ability to store, retrieve, and post-process location records for various types of 
25 system and application analysis has proven to be a powerful advantage of the present 
invention. The main collection of software processes is known as the ApCore, which is 
shown in Figure 4 and includes the following functions: 

The AP Performance Guardian (ApPerfGuard) is a dedicated software process that is 
30 responsible for starting, stopping, and monitoring most other ApCore processes as well as 
ApCore communications with the NOC 16. Upon receiving a configuration update 
command from the NOC, ApPerfGuard updates the database and notifies all other 
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processes of the change. ApPerfGuard starts and stops appropriate processes when the 
NOC directs the ApCore to enter specific run states, and constantly monitors other 
software processes scheduled to be running to restart them if they have exited or stopping 
and restarting any process that is no longer properly responding. ApPerfGuard is assigned 
5 to one of the highest processing priorities so that this process cannot be blocked by another 
process that has "run away". ApPerfGuard is also assigned dedicated memory that is not 
accessible by other software processes to prevent any possible corruption from other 
software processes. 

10 The AP Dispatcher (ApMnDsptch) is a software process that receives location records 
from the TLP's 12 and forwards the location records to other processes. This process 
contains a separate thread for each physical TLP 12 configured in the system, and each 
thread receives location records from that TLP 12. For system reliability, the ApCore 
maintains a list containing the last location record sequence number received from each 

15 TLP 12, and sends this sequence number to the TLP 12 upon initial connection. 

Thereafter, the AP 14 and the TLP 12 maintain a protocol whereby the TLP 12 sends each 
location record with a unique identifier. ApMnDsptch forwards location records to 
multiple processes, including Ap91 1, ApDbSend, ApDbRecvLoc, and ApDbFileRecv. 

20 The AP Tasking Process (ApDbSend) controls the Tasking List within the Wireless 
Location System. The Tasking List is the master list of all of the trigger criteria that 
determines which wireless transmitters will be located, which applications created the 
criteria, and which applications can receive location record information. The ApDbSend 
process contains a separate thread for each TLP 12, over which the ApDbSend 

25 synchronizes the Tasking List with the Signal of Interest Table on each TLP 12. 

ApDbSend does not send application information to the Signal of Interest Table , only the 
trigger criteria. Thus the TLP 12 does not know why a wireless transmitter must be 
located.. The Tasking List allows wireless transmitters to be located based upon Mobile 
Identity Number (MTN), Mobile Station Identifier (MSID), Electronic Serial Number 

30 (ESN) and other identity numbers, dialed sequences of characters and / or digits, home 
System ID (SID), originating cell site and sector, originating RF channel, or message type. 
The Tasking List allows multiple applications to receive location records from the same 
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wireless transmitter. Thus, a single location record from a wireless transmitter that has 
dialed "911" can be sent, for example, to a 911 PSAP, a fleet management application, a 
traffic management application, and to an RF optimization application. 

5 The Tasking List also contains a variety of flags and field for each trigger criteria, some of 
which are described elsewhere in this specification. One flag, for example, specifies the 
maximum time limit before which the Wireless Location System must provide a rough or 
final estimate of the wireless transmitter. Another flag allows location processing to be 
disabled for a particular trigger criteria such as the identity of the wireless transmitter, 
l o Another field contains the authentication required to make changes to the criteria for a 
particular trigger; authentication enables the operator of the Wireless Location System to 
specify which applications are authorized to add, delete, or make changes to any trigger 
criteria and associated fields or flags. Another field contains the Location Grade of Service 
associated with the trigger criteria; Grade of Service indicates to the Wireless Location 
15 System the accuracy level and priority level desired for the location processing associated 
with a particular trigger criteria. For example, some applications may be satisfied with a 
rough location estimate (perhaps for a reduced location processing fee), while other 
applications may be satisfied with low priority processing that is not guaranteed to 
complete for any given transmission (and which may be pre-empted for high priority 
processing tasks). The Wireless Location System also includes means to support the use of 
wildcards for trigger criteria in the Tasking List. For example, a trigger criteria can be 
entered as "MIN = 215555****". This will cause the Wireless Location System to trigger 
location processing for any wireless transmitter whose MEN begins with the six digits 
215555 and ends with any following four digits. The wildcard characters can be placed 
into any position in a trigger criteria. This feature can save on the number of memory 
locations required in the Tasking List and Signal of Interest Table by grouping blocks of 
related wireless transmitters together. 

ApDbSend also supports dynamic tasking. For example, the MIN, ESN, MSID, or other 
identity of any wireless transmitter that has dialed "91 1" will automatically be placed onto 
the Tasking List by ApDbSend for one hour: Thus, any further transmissions by the 
wireless transmitter that dialed "911" will also be located in case of further emergency. 
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For example, if a PSAP calls back a wireless transmitter that had dialed "91 1" within the 
last hour, the Wireless Location System will trigger on the page response message from 
the wireless transmitter, and can make this new location record available to the PSAP. 
This dynamic tasking can be set for any interval of time after an initiation event, and for 
5 any type of trigger criteria. The ApDbSend process is also a server for receiving tasking 
requests from other applications. These applications, such as fleet management, can send 
tasking requests via a socket connection, for example. These applications can either place 
or remove trigger criteria. ApDbSend conducts an authentication process with each 
application to verify that that the application has been authorized to place or remove 
1 0 trigger criteria, and each application can only change trigger criteria related to that 
application. 

The AP 911 Process (Ap91 1) manages each interface between the Wireless Location 
System and E9-1-1 network elements, such as tandem switches, selective routers, ALI 
15 databases and/or PSAPs. The Ap91 1 process contains a separate thread for each 

connection to a E9-1-1 network element, and can support more than one.thread to each 
network element. The Ap91 1 process can simultaneously operate in many modes based 
upon user configuration, and as described herein. The timely processing of E9-1-1 location 
records is one of the highest processing priorities in the AP 14, and therefore the Ap91 1 

20 executes entirely out of random access memory (RAM) to avoid the delay associated with 
first storing and then retrieving a location record from any type of disk. When 
ApMnDsptch forwards a location record to Ap91 1, Ap91 1 immediately makes a routing 
determination and forwards the location record over the appropriate interface to a E9-1-1 
network element. A separate process, operating in parallel, records the location record into 

25 the AP 14 database. 

The AP 14, through the Ap91 1 process and other processes, supports two modes of 
providing location records to applications, including E9-1-1 : "push" and "pull" modes. 
Applications requesting push mode receive a location record as soon as it is available from 
30 the AP 14. This mode is especially effective for E9-1-1 which has a very time critical need 
for location records, since E9-1-1 networks must route wireless 9-1-1 calls to the correct 
PSAP within a few seconds after a wireless caller has dialed "91 1". Applications 
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requesting pull mode do not automatically receive location records, but rather must send a 
query to the AP 14 regarding a particular wireless transmitter in order to receive the last, 
or any other location record, about the wireless transmitter. The query from the application 
can specify the last location record, a series of location records, or all location records 
5 meeting a specific time or other criteria, such as type of transmission. An example of the 
use of pull mode in the case of a "91 1" call is the E9-1-1 network first receiving the voice 
portion of the "91 1" call and then querying the AP 14 to receive the location record 
associated with that call. 

10 When the Ap91 1 process is connected to many E9-1-1 networks elements, Ap91 1 must 
determine to which E9-1-1 network element to push the location record (assuming that 
"push" mode has been selected). The AP 14 makes this determination using a dynamic 
routing table. The dynamic routing table is used to divide a geographic region into cells. 
Each cell, or entry, in the dynamic routing table contains the routing instructions for that 

15 cell. It is well known that one minute of latitude is 6083 feet, which is about 365 feet per 
millidegree. Additionally, one minute of longitude is cosine(latitude) times 6083 feet, 
which for the Philadelphia area is about 4659 feet, or about 280 feet per millidegree. A 
table of size one thousand by one thousand, or one million cells, can contain the routing 
instructions for an area that is about 69 miles by 53 miles, which is larger than the area of 
20 Philadelphia in this example, and each cell could contain a geographic area of 365 feet by 
280 feet. The number of bits allocated to each entry in the table must only be enough to 
support the maximum number of routing possibilities. For example, if the total number of 
routing possibilities is sixteen or less, then the memory for the dynamic routing table is 
one million times four bits, or one-half megabyte. Using this scheme, an area the size of 
25 Pennsylvania could be contained in a table of approximately twenty megabytes or less, 
with ample routing possibilities available. Given the relatively inexpensive cost of 
memory, this inventive dynamic routing table provides the AP 14 with a means to quickly 
push the location records for "91 1" calls only to the appropriate E9-1-1 network element. 

30 The AP 1 4 allows each entry in dynamic routing to be populated using manual or 

automated means. Using the automated means, for example, an electronic map application 
can create a polygon definition of the coverage area of a specific E9-1-1 network element, 
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such as a PSAP. The polygon definition is then translated into a list of latitude, longitude 
points contained within the polygon. The dynamic routing table cell corresponding to each 
latitude, longitude point is then given the routing instruction for that E9-1-1 network 
element that is responsible for that geographic polygon. 

When the Ap91 1 process receives a "911" location record for a specific wireless 
transmitter, Ap91 1 converts the latitude, longitude into the address of a specific cell in the 
dynamic routing table. Ap91 1 then queries the cell to determine the routing instructions, 
which may be push or pull mode and the identity of the E9-1-1 network element 
responsible for serving the geographic area in which the "91 1" call occurred. If push mode 
has been selected, then Ap91 1 automatically pushes the location record to that E9-1-1 
network element. If pull mode has been selected, then Ap91 1 places the location record 
into a circular table of "91 1" location records and awaits a query. 

The dynamic routing means described above entails the use of a geographically defined 
database that may be applied to other applications in addition to 91 1, and is therefore 
supported by other processes in addition to Ap91 1. For example, the AP 14 can 
automatically determine the billing zone from which a wireless call was placed for a 
Location Sensitive Billing application. In addition, the AP 14 may automatically send an 
alert when a particular wireless transmitter has entered or exited a prescribed geographic 
area defined by an application. The use of particular geographic databases, dynamic 
routing actions, any other location triggered actions are defined in the fields and flags 
associated with each trigger criteria. The Wireless Location System includes means to 
easily manage these geographically defined databases using an electronic map that can 
create polygons encompassing a prescribed geographic area. The Wireless Location 
System extracts from the electronic map a table of latitude, longitude points contained 
with the polygon. Each application can use its own set of polygons, and can define a set of 
actions to be taken when a location record for a triggered wireless transmission is 
contained within each polygon in the set. 

The AP Database Receive Process (ApDbRecvLoc) receives all location records from 
ApMnDsptch via shared memory, and places the location records into the AP location 
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database. ApDbRecvLoc starts ten threads that each retrieve location records from shared 
memory, validate each record before inserting the records into the database, and then 
inserts the records into the correct location record partition in the database. To preserve 
integrity, location records with any type of error are not written into the location record 
5 database but are instead placed into an error file that can be reviewed by the Wireless 
Location System operator and then manually entered into the database after error 
resolution. If the location database has failed or has been placed into off-line status, 
location records are written to a flat file where they can be later processed by 
ApDbFileRecv. 

10 

The AP File Receive Process (ApDbFileRecv) reads flat files containing location records 
and inserts the records into the location database. Flat files are a safe mechanism used by 
the AP 14 to completely preserve the integrity of the AP 14 in all cases except a complete 
failure of the hard disk drives. There are several different types of flat files read by 

15 ApDbFileRecv, including Database Down, Synchronization, Overflow, and Fixed Error. 
Database Down flat files are written by the ApDbRecvLoc process if the location database 
is temporarily inaccessible; this file allows the AP 14 to ensure that location records are 
preserved during the occurrence of this type of problem. Synchronization flat files are 
written by the ApLocSync process (described below) when transferring location records 

20 between pairs of redundant AP systems. Overflow flat files are written by ApMnDsptch 
when location records are arriving into the AP 14 at a rate faster than ApDbRecvLoc can 
process and insert the records into the location database. This may occur during very high 
peak rate periods. The overflow files prevent any records from being lost during peak 
periods. The Fixed Error flat files contain location records that had errors but have now 

25 been fixed, and can now be inserted into the location database. 

Because the AP 14 has a critical centralized role in the Wireless Location System, the AP 
14 architecture has been designed to be fully redundant. A redundant AP 14 system 
includes fully redundant hardware platforms, fully redundant RDBMS, redundant disk 
30 drives, and redundant networks to each other, the TLP's 12, the NOC's 16, and external 
applications. The software architecture of the AP 14 has also been designed to support 
fault tolerant redundancy. The following examples illustrate functionality supported by the 
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redundant AP's. Each TLP 12 sends location records to both the primary and the 
redundant AP 14 when both AP's are in an online state. Only the primary AP 14 will 
process incoming tasking requests, and only the primary AP 14 will accept configuration 
change requests from the NOC 16. The primary AP 14 then synchronizes the redundant 
5 AP 14 under careful control. Both the primary and redundant AP's will accept basic 
startup and shutdown commands from the NOC. Both AP's constantly monitor their own 
system parameters and application health and monitor the corresponding parameters for 
the other AP 14, and then decide which AP 14 will be primary and which will be 
redundant based upon a composite score. This composite score is determined by compiling 
10 errors reported by various processes to a shared memory area, and monitoring swap space 
and disk space. There are several processes dedicated to supporting redundancy. 

The AP Location Synchronization Process (ApLocSync) runs on each AP 14 and detects 
the need to synchronize location records between AP's, and then creates "sync records" 
15 that list the location records that need to be transferred from one AP 14 to another AP 14. 
The location records are then transferred between AP's using a socket connection. 
ApLocSync compares the location record partitions and the location record sequence 
numbers stored in each location database. Normally, if both the primary and redundant AP 
14 are operating properly, synchronization is not needed because both AP's are receiving 
location records simultaneously from the TLP's 12. However, if one AP 14 fails or is 
placed in an off-line mode, then synchronization will later be required. ApLocSync is 
notified whenever ApMnDsptch connects to a TLP 12 so it can determine whether 
synchronization is required. 

The AP Tasking Synchronization Process (ApTaskSync) runs on each AP 14 and 
synchronizes the tasking information between the primary AP 14 and the redundant AP 
14. ApTaskSync on the primary AP 14 receives tasking information from ApDbSend, and 
then sends the tasking information to the ApTaskSync process on the redundant AP 14. If 
the primary AP 14 were to fail before ApTaskSync had completed replicating tasks, then 
ApTaskSync will perform a complete tasking database synchronization when the failed 
AP 14 is placed back into an online state. 
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The AP Configuration Synchronization Process (ApConfigSync) runs on each AP 14 and 
synchronizes the configuration information between the primary AP 14 and the redundant 
AP 14. ApConfigSync uses a RDBMS replication facility. The configuration information 
includes all information needed by the SCS's 10, TLP's 12, and AP's 14 for proper 
5 operation of the Wireless Location System in a wireless carrier's network. 

In addition to the core functions described above, the AP 14 also supports a large number 
of processes, functions, and interfaces useful in the operation of the Wireless Location 
System, as well as useful for various applications that desire location information. While 
10 the processes, functions, and interfaces described herein are in this section pertaining to 
the AP 14, the implementation of many of these processes, functions, and interfaces 
permeates the entire Wireless Location System and therefore their inventive value should 
be not read as being limited only to the AP 1 4. 

15 Roaming 

The AP 14 supports "roaming" between wireless location systems located in different 
cities or operated by different wireless carriers. If a first wireless transmitter has 
subscribed to an application on a first Wireless Location System, and therefore has an 
entry in the Tasking List in the first AP 14 in the first Wireless Location System, then the 
20 first wireless transmitter may also subscribe to roaming. Each AP 1 4 and TLP 12 in each 
Wireless Location System contains a table in which a list of valid "home" subscriber 
identities is maintained. The list is typically a range, and for example, for current cellular 
telephones, the range can be determined by the NPA/NXX codes (or area code and 
exchange) associated with the MIN or MSID of cellular telephones. When a wireless 
25 transmitter meeting the "home" criteria makes a transmission, a TLP 12 receives 

demodulated data from one or more SCS's 10 and checks the trigger information in the 
Signal of Interest Table . If any trigger criterion is met, the location processing begins on 
that transmission; otherwise, the transmission is not processed by the Wireless Location 
System. 

30 

When a first wireless transmitter not meeting the "home" criterion makes a transmission in 
a second Wireless Location System, the second TLP 12 in the second Wireless Location 
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System checks the Signal of Interest Table for a trigger. One of three actions then occurs: 
(i) if the transmission meets an already existing criteria in the Signal of Interest Table , the 
transmitter is located and the location record is forwarded from the second AP 14 in the 
second Wireless Location System to the first AP 14 in the first Wireless Location System; 
5 (ii) if the first wireless transmitter has a "roamer" entry in the Signal of Interest Table 
indicating that the first wireless transmitter has "registered" in the second Wireless 
Location System but has no trigger criteria, then the transmission is not processed by the 
second Wireless Location System and the expiration timestamp is adjusted as described 
below; (iii) if the first wireless transmitter has no "roamer" entry and therefore has not 
10 "registered", then the demodulated data is passed from the TLP 12 to the second AP 14. 

In the third case above, the second AP 14 uses the identity of the first wireless transmitter 
to identify the first AP 14 in the first Wireless Location System as the "home" Wireless 
Location System of the first wireless transmitter. The second AP 14 in the second Wireless 
15 Location System sends a query to the first AP 14 in the first Wireless Location System to 
determine whether the first wireless transmitter has subscribed to any location application 
and therefore has any trigger criteria in the Tasking List of the first AP 14. If a trigger is 
present in the first AP 14, the trigger criteria, along with any associated fields and flags, is 
sent from the first AP 14 to the second AP 14 and entered in the Tasking List and the 
Signal of Interest Table as a "roamer" entry with trigger criteria. If the first AP 14 
responds to the second AP 14 indicating that the first wireless transmitter has no trigger 
criteria, then the second AP 14 "registers" the first wireless transmitter in the Tasking List 
and the Signal of Interest Table as a "roamer" with no trigger criteria. Thus both current 
and future transmissions from the first wireless transmitter can be positively identified by 
the TLP 12 in the second Wireless Location System as being registered without trigger 
criteria, and the second AP 14 is not required to make additional queries to the first AP 14. 

When the second AP 14 registers the first wireless transmitter with a roamer entry in the 
Tasking List and the Signal of Interest Table with or without trigger criteria, the roamer 
entry is assigned an expiration timestamp. The expiration timestamp is set to the current 
time plus a predetermined first interval. Every time the first wireless transmitter makes a 
transmission, the expiration timestamp of the roamer entry in the Tasking List and the 
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Signal of Interest Table is adjusted to the current time of the most recent transmission plus 
the predetennined first interval. If the first wireless transmitter makes no further 
transmissions prior to the expiration timestamp of its roamer entry, then the roamer entry 
is automatically deleted. If, subsequent to the deletion, the first wireless transmitter makes 
5 another transmission, then the process of registering occurs again. 

The first AP 14 and second AP 14 maintain communications over a wide area network. 
The network may be based upon TCP/IP or upon a protocol similar to the most recent 
version of IS-41. Each AP 14 in communications with other AP's in other wireless 
1 o location systems maintains a table that provides the identity of each AP 1 4 and Wireless 
Location System corresponding to each valid range of identities of wireless transmitters. 

Multiple Pass Location Records 

Certain applications may require a very fast estimate of the general location of a wireless 
15 transmitter, followed by a more accurate estimate of the location that can be sent 

subsequently. This can be valuable, for example, for E9-1-1 systems that handle wireless 
calls and must make a call routing decision very quickly, but can wait a little longer for a 
more exact location to be displayed upon the E9-1-1 call-taker's electronic map terminal. 
The Wireless Location System supports these applications with an inventive multiple pass 

20 location processing mode, described later. The AP 14 supports this mode with multiple 
pass location records. For certain entries, the Tasking List in the AP 14 contains a flag 
indicating the maximum time limit before which a particular application must receive a 
rough estimate of location, and a second maximum time limit in which a particular 
application must receive a final location estimate. For these certain applications, the AP 14 

25 includes a flag in the location record indicating the status of the location estimate 

contained in the record, which may, for example, be set to first pass estimate (i.e. rough) 
or final pass estimate. The Wireless Location System will generally determine the best 
location estimate within the time limit set by the application, that is the Wireless Location 
System will process the most amount of RF data that can be supported in the time limit. 

30 Given that any particular wireless transmission can trigger a location record for one or 
more applications, the Wireless Location System supports multiple modes simultaneously. 
For example, a wireless transmitter with a particular MTN can dial "91 1 ". This may trigger 
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a two-pass location record for the E9-1-1 application, but a single pass location record for 
a fleet management application mat is monitoring that particular MEN. This can be 
extended to any number of applications. 

5 Multiple Demodulation and Triggers 

In wireless communications systems in urban or dense suburban areas, frequencies or 
channels can be re-used several times within relatively close distances. Since the Wireless 
Location System is capable of independently detecting and demodulating wireless 
transmissions without the aid of the wireless communications system, a single wireless 

10 transmission can frequently be detected and successfully demodulated at multiple SCS's 
10 within the Wireless Location System. This can happen both intentionally and 
unintentionally. An unintentional occurrence is caused by a close frequency re-use, such 
that a particular wireless transmission can be received above a predetermined threshold at 
more than one SCS 10, when each SCS 10 believes it is monitoring only transmissions 

15 that occur only within the cell site collocated with the SCS 1 0. An intentional occurrence 
is caused by programming more than one SCS 10 to detect and demodulate transmissions 
that occur at a particular cell site and on a particular frequency. As described earlier, this is 
generally used with adjacent or nearby SCS's 10 to provide system demodulation 
redundancy to further increase the probability that any particular wireless transmission is 

20 successful detected and demodulated. 

Either type of event could potentially lead to multiple triggers within the Wireless 
Location System, causing location processing to be initiated several times for the same 
transmission. This causes an excess and inefficient use of processing and communications 

25 resources. Therefore, the Wireless Location System includes means to detect when the 
same transmission has been detected and demodulated more than once, and to select the 
best demodulating SCS 10 as the starting point for location processing. When the Wireless 
Location System detects and successfully demodulates the same transmission multiple 
times at multiple SCS/antennas, the Wireless Location System uses the following criteria 

30 to select the one demodulating SCS/antenna to use to continue the process of determining 
whether to trigger and possibly initiate location processing (again, these criteria may be 
weighted in determining the final decision): (i) an SCS/antenna collocated at the cell site 
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to which a particular frequency has been assigned is preferred over another SCS/antenna, 
but this preference may be adjusted if there is no operating and on-line SCS/antenna 
collocated at the cell site to which the particular frequency has been assigned, (ii) 
SCS/antennas with higher average SNR are preferred over those with lower average SNR, 
5 and (iii) SCS/antennas with fewer bit errors in demodulating the transmission are preferred 
over those with higher bit errors. The weighting applied to each of these preferences may 
be adjusted by the operator of the Wireless Location System to suit the particular design of 
each system. 

10 Interface to Wireless Communications System 

The Wireless Location System contains means to communicate over an interface to a 
wireless communications system, such as a mobile switching center (MSC) or mobile 
positioning controller (MPC). This interface may be based, for example, on a standard 
secure protocol such as the most recent version of the IS-41 or TCP/IP protocols. The 

15 formats, fields, and authentication aspects of these protocols are well known. The Wireless 
Location System supports a variety of command / response and informational messages 
over this interface that are designed to aid in the successful detection, demodulation, and 
triggering of wireless transmissions, as well as providing means to pass location records to 
the wireless communications system. In particular, this interface provides means for the 
20 Wireless Location System to obtain information about which wireless transmitters have 
been assigned to particular voice channel parameters at particular cell sites. Example 
messages supported by the Wireless Location System over this interface to the wireless 
communications system include the following: 

25 Query on MIN / MDN / MSID / BMSI / TMSI Mapping - Certain types of wireless 
transmitters will transmit their identity in a familiar form that can be dialed over the 
telephone network. Other types of wireless transmitters transmit an identity that cannot 
be dialed, but which is translated into a number that can be dialed using a table inside 
of the wireless communications system. The transmitted identity is permanent in most 

30 cases, but can also be temporary. Users of location applications connected to the AP 
14 typically prefer to place triggers onto the Tasking List using identities that can be 
dialed. Identities that can be dialed are typically known as Mobile Directory Numbers 
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(MDN). The other types of identities for which translation may be required includes 
Mobile Identity Number (MIN), Mobile Subscriber Identity (MSID), International 
Mobile Subscriber Identity (MSI), and Temporary Mobile Subscriber Identity 
(TMSI). If the wireless communications system has enabled the use of encryption for 
5 any of the data fields in the messages transmitted by wireless transmitters, the Wireless 
Location System may also query for encryption information along with the identity 
information. The Wifeless Location System includes means to query the wireless 
communications system for the alternate identities for a trigger identity that has been 
placed onto the Tasking List by a location application, or to query the wireless 
10 communications system for alternate identities for an identity that has been 

demodulated by an SCS 10. Other events can also trigger this type of query. For this 
type of query, typically the Wireless Location System initiates the command, and the 
wireless communications system responds. 

15 Query / Command Change on Voice RF Channel Assignment - Many wireless 

transmissions on voice channels do not contain identity information. Therefore, when 
the Wireless Location System is triggered to perform location processing on a voice 
channel transmission, the Wireless Location System queries the wireless 
communication system to obtain the current voice channel assignment information for 

20 the particular transmitter for which the Wireless Location System has been triggered. 
For an AMPS transmission, for example, the Wireless Location System preferably 
requires the cell site, sector, and RF channel number currently in use by the wireless 
transmitter. For a TDMA transmission, for example, the Wireless Location System 
preferably requires the cell site, sector, RF channel number, and timeslot currently in 

25 use by the wireless transmitter. Other information elements that may be needed 
includes long code mask and encryption keys. In general, the Wireless Location 
System will initiate the command, and the wireless communications system will 
respond. However, the Wireless Location System will also accept a trigger command 
from the wireless communications system that contains the information detailed 

30 herein. 
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The timing on this command / response message set is very critical since voice channel 
handoffs can occur quite frequently in wireless communications systems. That is, the 
Wireless Location System will locate any wireless transmitter that is transmitting on a 
particular channel - therefore the Wireless Location System and the wireless 
5 communications system must jointly be certain that the identity of the wireless 
transmitter and the voice channel assignment information are in perfect 
synchronization. The Wireless Location System uses several means to achieve this 
objective. The Wireless Location System may, for example, query the voice channel 
assignment information for a particular wireless transmitter, receive the necessary RF 

10 data, then again query the voice channel assignment information for that same wireless 
transmitter, and then verify that the status of the wireless transmitter did not change 
during the time in which the RF data was being collected by the Wireless Location 
System. Location processing is not required to complete before the second query, since 
it is only important to verify that the correct RF data was received. The Wireless 

15 Location System may also, for example, as part of the first query command the 

wireless communications system to prevent a handoff from occurring for the particular 
wireless transmitter during the time period in which the Wireless Location System is 
receiving the RF data. Then, subsequent to collecting the RF data, the Wireless 
Location System will again query the voice channel assignment information for that 

20 same wireless transmitter, command the wireless communications system to again 
permit handoffs for said wireless transmitter and then verify that the status of the 
wireless transmitter did not change during the time in which the RF data was being 
collected by the Wireless Location System. 

25 For various reasons, either the Wireless Location System or the wireless 

communications system may prefer that the wireless transmitter be assigned to another 
voice RF channel prior to performing location processing. Therefore, as part of the 
command / response sequence, the wireless communications system may instruct the 
Wireless Location System to temporarily suspend location processing until the 

30 wireless communications system has completed a handoff sequence with the wireless 
transmitter, and the wireless communications system has notified the Wireless 
Location System that RF data can be received, and the voice RF channel upon which 
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the data can be received. Alternately, the Wireless Location System may determine 
that the particular voice RF channel which a particular wireless transmitter is currently 
using is unsuitable for obtaining an acceptable location estimate, and request that the 
wireless communications system command the wireless transmitter to handoff. 
5 Alternately, the Wireless Location System may request that the wireless 

communications system command the wireless transmitter to handoff to a series of 
voice RF channels in sequence in order to perform a series of location estimates, 
whereby the Wireless Location System can improve upon the accuracy of the location 
estimate through the series of handoffs; mis method is further described later. 

10 

The Wireless Location System can also use this command / response message set to 
query the wireless communications system about the identity of a wireless transmitter 
that had been using a particular voice channel (and timeslot, etc.) at a particular cell 
site at a particular time. This enables the Wireless Location System to first perform 
1 5 location processing on transmissions without knowing the identities, and then to later 
determine the identity of the wireless transmitters making the transmissions and 
append this information to the location record. This particular inventive feature 
enables the use of automatic sequential location of voice channel transmissions. 

Receive Triggers - The Wireless Location System can receive triggers from the 
wireless communications system to perform location processing on a voice channel 
transmission without knowing the identity of the wireless transmitter. This message set 
bypasses the Tasking List, and does not use the triggering mechanisms within the 
Wireless Location System. Rather, the wireless communications system alone 
determines which wireless transmissions to locate, and then send a command to the 
Wireless Location System to collect RF data from a particular voice channel at a 
particular cell site and to perform location processing. The Wireless Location System 
responds with a confirmation containing a timestamp when the RF data was collected. 
The Wireless Location System also responds with an appropriate format location 
record when location processing has completed. Based upon the time of the command 
to Wireless Location System and the response with the RF data collection timestamp, 
the wireless communications system determines whether the wireless transmitter status 



WO 00/40992 



PCT/US99/29507 



changed subsequent to the command and whether there is a good probability of 
successful RF data collection. 

Make Transmit - The Wireless Location System can command the wireless 
5 communications system to force a particular wireless transmitter to make a 

transmission at a particular time, or within a prescribed range of times. The wireless 
communications system responds with a confirmation and a time or time range in 
which to expect the transmission. The types of transmissions that the Wireless 
Location System can force include, for example, audit responses and page responses. 

10 Using this message set, the Wireless Location System can also command the wireless 
communications system to force the wireless transmitter to transmit using a higher 
power level setting. In many cases, wireless transmitters will attempt to use the lowest 
power level settings when transmitting in order to conserve battery life. In order 
improve the accuracy of the location estimate, the Wireless Location System may 

1 5 prefer that the wireless transmitter use a higher power level setting. The wireless 
communications system will respond to the Wireless Location System with a 
confirmation that the higher power level setting will be used and a time or time range 
in which to expect the transmission. 



20 Delay Wireless Communications System Response to Mobile Access - Some air 

interface protocols, such as CDMA, use a mechanism in which the wireless transmitter 
initiates transmissions on a channel, such as an Access Channel, for example, at the 
lowest or a very low power level setting, and then enters a sequence of steps in which 
(i) the wireless transmitter makes an access transmission; (ii) the wireless transmitter 

25 waits for a response from the wireless communications system; (iii) if no response is 
received by the wireless transmitter from the wireless communications system within a 
predetermined time, the wireless transmitter increases its power level setting by a 
predetermined amount, and then returns to step (i); (iv) if a response is received by the 
wireless transmitter from the wireless communications system within a predetermined 

30 time, the wireless transmitter then enters a normal message exchange. This mechanism 
is useful to ensure that the wireless transmitter uses only the lowest useful power level 
setting for transmitting and does not further waste energy or battery life. It is possible, 
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however, that the lowest power level setting at which the wireless transmitter can 
successfully communicate with the wireless communications system is not sufficient 
to obtain an acceptable location estimate. Therefore, the Wireless Location System can 
command the wireless communications system to delay its response to these 
5 transmissions by a predetermined time or amount. This delaying action will cause the 
wireless transmitter to repeat the sequence of steps (i) through (iii) one or more times 
than normal with the result that one or more of the access transmissions will be at a 
higher power level than normal. The higher power level may preferably enable the 
Wireless Location System to determine a more accurate location estimate. The 
10 Wireless Location System may command this type of delaying action for either a 
particular wireless transmitter, for a particular type of wireless transmission (for 
example, for all '911' calls), for wireless transmitters that are at a specified range from 
the base station to which the transmitter is attempting to communicate, or for all 
wireless transmitters in a particular area. 

15 

Send Confirmation to Wireless Transmitter - The Wireless Location System does not 
include means within to notify the wireless transmitter of an action because the 
Wireless Location System cannot transmit; as described earlier the Wireless Location 
System can only receive transmissions. Therefore, if the Wireless Location System 

20 desires to send, for example, a confirmation tone upon the completion of a certain 

action, the Wireless Location System commands the wireless communications system 
to transmit a particular message. The message may include, for example, an audible 
confirmation tone, spoken message, or synthesized message to the wireless transmitter, 
or a text message sent via a short messaging service or a page. The Wireless Location 

25 System receives confirmation from the wireless communications system that the 
message has been accepted and sent to the wireless transmitter. This command / 
response message set is important in enabling the Wireless Location System to support 
certain end-user application functions such as Prohibit Location Processing. 

30 Report Location Records - The Wireless Location System automatically reports 

location records to the wireless communications system for those wireless transmitters 
tasked to report to the wireless communications system, as well as for those 
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transmissions that the wireless communications system initiated triggers. The Wireless 
Location System also reports on any historical location record queried by the wireless 
communications system and which the wireless communications system is authorized 
to receive. 

Monitor Internal Wireless Communications System Interfaces, State Table 
In addition to this above interface between the Wireless Location System and the wireless 
communications system, the Wireless Location System also includes means to monitor 
existing interfaces within the wireless communications system for the purpose of 
intercepting messages important to the Wireless Location System for identifying wireless 
transmitters and the RF channels in use by these transmitters. These interfaces may 
include, for example, the "a-interface" and "a-bis interface" used in wireless 
communications systems employing the GSM air interface protocol. These interfaces are 
well-known and published in various standards. By monitoring the bi-directional messages 
on these interfaces between base stations (BTS), base station controllers (BSC), and 
mobile switching centers (MSC), and other points, the Wireless Location System can 
obtain the same information about the assignment of wireless transmitters to specific 
channels as the wireless communications system itself knows. The Wireless Location 
System includes means to monitor these interfaces at various points. For example, the SCS 
1 0 may monitor a BTS to BSC interface. Alternately, a TLP 12 or AP 14 may also monitor 
a BSC where a number of BTS to BSC interfaces have been concentrated. The interfaces 
internal to the wireless communications system are not encrypted and the layered 
protocols are known to those familiar with the art. The advantage to the Wireless Location 
System to monitoring these interfaces is that the Wireless Location System may not be 
required to independently detect and demodulate control channel messages from wireless 
transmitters. In addition, the Wireless Location System may obtain all necessary voice 
channel assignment information from these interfaces. 

Using these means for a control channel transmission, the SCS 1 0 receives the 
transmissions as described earlier and records the control channel RF data into memory 
without performing detection and demodulation. Separately, the Wireless Location System 
monitors the messages occurring over prescribed interfaces within the wireless 
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communications system, and causes a trigger in the Wireless Location System when the 
Wireless Location System discovers a message containing a trigger event. Initiated by the 
trigger event, the Wireless Location System determines the approximately time at which 
the wireless transmission occurred, and commands a first SCS 10 and a second SCS 10B 
5 to each search its memory for the start of transmission. This first SCS 1 OA chosen is an 
SCS that is either collocated with the base station to which the wireless transmitter had 
communicated, or an SCS which is adjacent to the base station to which the wireless 
transmitter had communicated. That is, the first SCS 1 OA is an SCS which would have 
been assigned the control channel as a primary channel. If the first SCS 10A successfully 
1 o determines and reports the start of the transmission, then location processing proceeds 
normally, using the means described below. If the first SCS 1 OA cannot successfully 
determine the start of transmission, then the second SCS 10B reports the start of 
transmission, and then location processing proceeds normally. 

15 The Wireless Location System also uses these means for voice channel transmissions. For 
' all triggers contained in the Tasking List, the Wireless Location System monitors the 
prescribed interfaces for messages pertaining to those triggers. The messages of interest 
include, for example, voice channel assignment messages, handoff messages, frequency 
hopping messages, power up / power down messages, directed re-try messages, 

20 termination messages, and other similar action and status messages. The Wireless 

Location System continuously maintains a copy of the state and status of these wireless 
transmitters in a State Table in the AP 14. Each time that the Wireless Location System 
detects a message pertaining to one of the entries in the Tasking List, the Wireless 
Location System updates its own State Table. Thereafter, the Wireless Location System 

25 may trigger to perform location processing, such as on a regular time interval, and access 
the State Table to determine precisely which cell site, sector, RF channel, and timeslot is 
presently being used by the wireless transmitter. The example contained herein described 
the means by which the Wireless Location System interfaces to a GSM based wireless 
communications system. The Wireless Location System also supports similar functions 

30 with systems based upon other air interfaces. 
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For certain air interfaces, such as CDMA, the Wireless Location System also keeps certain 
identity information obtained from Access bursts in the control channel in the State Table; 
this information is later used for decoding the masks used for voice channels. For 
example, the CDMA air interface protocol uses the Electronic Serial Number (ESN) of a 
5 wireless transmitter to, in part, determine the long code mask used in the coding of voice 
channel transmissions. The Wireless Location System maintains this information in the 
State Table for entries in the Tasking List because many wireless transmitters may 
transmit the information only once; for example, many CDMA mobiles will only transmit 
their ESN during the first Access burst after the wireless transmitter become active in a 

10 geographic area. This ability to independently determine the long code mask is very useful 
in cases where an interface between the Wireless Location System and the wireless 
communications system is not operative and/or the Wireless Location System is not able 
to monitor one of the interfaces internal to the wireless communications system. The 
operator of the Wireless Location System may optionally set the Wireless Location 

15 System to maintain the identity information for all wireless transmitters. In addition to the 
above reasons, the Wireless Location System can provide the voice channel tracking for 
all wireless transmitters that trigger location processing by calling "9 11". As described 
earlier, the Wireless Location System uses dynamic tasking to provide location to a 
wireless transmitter for a prescribed time after dialing "9 11", for example. By maintaining 

20 the identity information for all wireless transmitters in the State Table, the Wireless 

Location System is able to provide voice channel tracking for all transmitters in the event 
of a prescribed trigger event, and not just those with prior entries in the Tasking List. 

Applications Interface 

25 Using the AP 1 4, the Wireless Location System supports a variety of standards based 
interfaces to end-user and carrier location applications using secure protocols such as 
TCP/IP, X.25, SS-7, and IS-41. Each interface between the AP 14 and an external 
application is a secure and authenticated connection that permits the AP 14 to positively 
verify the identity of the application that is connected to the AP 14. This is necessary 

30 because each connected application is granted only limited access to location records on a 
real-time and/or historical basis. In addition, the AP 14 supports additional command / 
response, real-time, and post-processing functions that are further detailed below. Access 



